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DEFINITIONS 


Definitions of terms used throughout this monograph are 
presented below : 

Simple slcelj often called ‘^carbon steel/’ consists chiefly of 
iron, car])on, and manganese. Other elements are always pres- 
ent, l)ut are not essential to the formation of the steel, and the 
content of carbon or manganese, or both, may be very small 

Alloy steel is steel that contains one or more elements other 
than carbon in sufficient proportion to modify or improve sub- 
stantially and positively some of its useful properties. 

Simple alloy steel is alloy steel containing one alloying ele- 
ment, as, for example, simple nickel steel. 

Ternary steel is alloy steel that contains one alloying ele- 
ment, the term being synonymous with “simple alloy steel.’' 

Quaternary steel is an alloy steel that contains two alloying 
elements, such as chromium-vanadium steel. 

Complex steel is an alloy steel containing more than two alloy- 
ing elements, such as high-speed tool steel. 

Alloy-treated steel is a simple steel to which one or more 
alloying elements have been added for curative imrposes, but 
in which the excess of the clement or elements is not enough 
to make it an alloy steel 

Raw steel is steel as cast, either an ingot or casting. 

Natural steel is steel in the condition left by a hot-working 
operation, and cooled in the open air. 

Normalized steel is steel that has been given a normalizing 
heat treatment intended to bring all of a lot of samples under 
consideration into the same condition. 

Annealed steel is steel that has been subjected to an anneal- 
ing operation. 

vii 
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Hardened steel is steel that has been hardened by quench- 
ing from or above the hardening temperature. 

Tempered steel is steel that has been hardened and sub- 
sequently tempered by a second lower heating. 

These definitions are based on the definition of steel that 
states that steel must be usefully malleable. The definitions 
of alloy steels do not include effects which are negative, or 
the prevention or cure of ills which the steel might possess were 
the alloying element or elements not added. 

An iron alloy is not herein considered as useful unless it pre- 
sents some useful property or modification of a property not 
offered to the same degree by a simple steel. 

The definition of alloy steel given does not agree with that 
of all writers on the subject of mixtures of iron with other ele- 
ments than carbon; but it does agree with that of some who have 
been careful enough when considering the whole range of ele- 
ments to designate them as alloys, such as silicon-iron alloys 
and chrome-vanadium alloys, the range covering the useful 
alloys or steels as well as those in which the alloying element 
is added for curative purposes and others that have only a 
scientific interest. 

Elements other than carbon may be desired in steel, and 
therefore be added to or permitted to remain in it for three 
distinct purposes, as follows: 

1. To give the composition desired and to cure in simple 
steels some ills or defects that the final product might other- 
wise possess. 

2. To make alloy steels. Such elements are manganese, 
silicon, tungsten, nickel, chromium, vanadium, cobalt, and 
others of less importance. 

3. To make alloys which, though they excite only a scien- 
tific interest, form a great part of the whole field of iron metal- 
lurgy. Many a one of these alloys would have a commercial 
value if another alloy were not known that meets particular 
requirements more satisfactorily either as to efficiency or as 
to cost or both. 

The various additions of the element manganese to iron 
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illustrate well the three purposes of alloys as above specified. 
A moderate amount, usually less than per cent, is added to 
molten steel made by an oxidation process (pneumatic or open 
hearth) to [)revent red-shortness. A much larger amount is 
added to make commercial manganese steel, which should 
contain 1 1 to 14 per cent of manganese. Outside of these lim- 
its, a great number of manganese-iron alloys may be made, 
most of which Iiave only a scientific value, though the num- 
ber of usc‘ful ones is always liable to 1)e extended as new require- 
ments and methods of manufacture and treatment arise. Sim- 
ple commercia,! steels containing between 1.5 and 2 per cent of 
manganese are madca an<I manganese steels containing less 
than 1 1 per ernt mangane.se are u.seful for certain i)urposes; 
but llu‘ nuingaiu‘se content of the great bulk of the steels made 
is within tJie limits given. 

The total numl)er of po.ssible alloys of iron with varying 
proportions of. other (‘lements is of course practically infinite. 
So, indtH'd, is tlu‘ number of ust'ful alloys, though they form only 
a small fractitin of the wliole number, 

1diis monograph (finals exclusively with alloy steels, as defined 
abov(\ in whidi the alloying element or elements modify directly, 
])ositively, and usefully some of the properties of the products. 
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INTRODUCTION 


The object of this monograph is to give briefly information 
of present value relating to the manufacture and uses of the 
various commercial alloy steels, with the hope of stimulating 
the demand for such steels and extending their practical use. 

Alloy steels arc included in the so-called special steels, but 
as the latter term is often used in the mills to designate broadly 
any steels intended for purposes other than those served by the 
regular i)roduct, it has seemed best to use the more specific 
term of alloy steels in this monograph. 

Alloy steels are bringing about a series of revolutions in 
various industrial fields in which steel plays an important part. 
Most elements that could be procured in sufficient ciuantity 
have lieen alloyed with iron in various proportions, either alone 
or in comliination with others, in the search for useful alloy steels. 
Those steels that have gained and maintained for themselves 
a place in current use arc discussed in this monograph. Some of 
them have had an ephemeral life of usefulness which would no 
doubt have been prolonged had not some other more satisfactory 
steel been developed. 

Probably the first useful alloy steel was Mushet’s self- 
hardening tungsten tool steel, patented in 1868. ^ years 
later chromium steel, really containing chromium, was strug- 
gling for recognition for some purposes, the chief of which was 
for the manufacture of solid shot for piercing armor. In both 
of these steels the effect of the alloying clement as used was in 
a way proportional to the amount contained. In 1882 Hadfield 
made his epoch-making discovery of manganese steel and 
demonstrated that in iron metallurgy it is not safe to take for 
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granted anything as to the properties of an alloy of iron with 
other elements, basing one’s opinion on past experience and 
knowledge, and that the effect of an alloying element may not 
be proportional to its content. The development of useful 
nickel steels followed in a few years, and the field thus opened 
has since then been worked by many able and zealous men, 
with results of great importance and value. 
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CHAPTER I 

LIST OF USEFUL ALLOY STEELS 

The eight alloy steels named below in the chronological 
order of their introduction are considered to meet this require- 
ment: 

1. Simple tungsten steels. 

2. Simple chromium steels. 

3. Manganese steel. 

4. Simple nickel steels. 

5. Nickel-chromium steels. 

6. Silicon steels. 

7. High-speed tool steels. 

8. Chromium- vanadium steels. 

The first four and the sixth of these are ternary steels, the 
fifth and eighth are quaternary, and the seventh is of comjilex 
composition. Some of these steels may be treated while molten 
by the addition of a purifying or solidifying element or ele- 
ments in such a small quantity as not greatly to affect the final 
properties. Thus a small amount of titanium, aluminum or 
vanadium may be added to a chromium or nickel steel and 
hardly appear in the final analysis. Such a result is seen in the 
alloy-treated steels. 
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ALLOY-TREATED STEELS 

Alloy-treated steels need be only brieily alluded to here. The 
method of manufacturing all steels made l)y the oxidation 
processes involves the presence in susi)ension or solution of 
hannful amounts of oxygen or oxides, and before the metal 
is cast means must be taken to lessen the oxygen or oxide con- 
tent to or below an allowable maximum. One or more of cer- 
tain elements having at steel-melting temperatures a stronger 
affinity for oxygen than iron has, are added to the molten metal. 
The oxygen leaves the iron to seize such added elements, form- 
ing new products insoluble in the iron, which in time are pre- 
cipitated, gather together, and leave the metal. 

Such unfinished steel also contains in solution a quantity 
of gases which require to be decomposed or kept in solution, 
for, if not, when the steel is solidifying, part of the gases will 
leave it and part will be imprisoned in the metal and form gas 
holes, of the variety commonly called l)lowholes. The addition 
of certain elements to the metal tends to prevent the separation 
of the gases. 

Further there is a tendency of certain of the ingredients 
of steel to collect or segregate in an injurious way in the ui)per 
central part of a large ingot or casting, but the addition of 
certain elements lessens this tendency. 

Elements that are added to prevent, minimize, or cure these 
ills are manganese, which is the most important, silicon, alumi- 
num, titantium, vanadium, and others of less importance. 
The effects aimed at are therapeutic' and though real and valu- 
able, are mostly negative rather than positives that is, effort 
is made to cause the steel to be free from some or all of thc^ 
defects cited. 

The proportions of these elements added are, generally 
speaking, only enough to cure the defects to be removed or 
counteracted, with a suitable excess to reasonably assure sucli 
a result in view of the uncertainties and irregularities of steel 
making. The excess of any of the elements named has indeed 
some effect on the final properties of the steel, but not enough 
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to put the product in the class of the alloy steels. Steels so 
treated are considered as alloy-treated steels, they being simple 
steels, outside the subject of this monograph, as the alloying 
elements do not give new or moditied properties of important 
commercial value. 

Some alloying elements are added to simple steel in such 
proportions as to produce only a curative effect, and the product 
can not deffnitely be classilied as a simple or an alloy steel, as 
can be done when a rather large excess of the element is added. 
The elements vanadium and silicon are examples, both being 
added to cure ills in the steel, and an excess of either causes 
the physical properties of the steel to vary to some extent. 
Both are used also in undoubted alloy steels that have unique 
properties, which would not be anticipated from the observa- 
tion of the effect of a moderate excess of either in a simple 
steel. 

Crude alloys of the alloying elements that are used as ingre- 
dients in steel making and are not useful themselves in their 
crude state are not herein considered. 


THE USICS OF ALLOY STEELS 

With few exceptions all alloy steels are heat treated for use, 
the treatment develo])ing in them the high j)hysical properties 
they are cjipable of possessing. No general law regarding the 
effects of heat treatment of alloy steels can I)e laid down. Some 
steels when ciuenched from a high heat are hardened and others 
are softened, the latter being generally those with the higher 
contents of certain of the alloying elements. In respect to the 
effects of heat treatment each steel is considered l)y itself. 

Develoiiments in the manufacture of alloy steel and in the 
heat treatment of steel have occurred somewhat simulta- 
neously (luring the past 30 years, and care is needed lest the 
l)ene{Us gained from one be confounded with those afforded 
l)y the other. The highest merit is obtained from the adoption 
of both developments together— that is, the use of heat-treated 
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alloy steels. Usually heat treatment has contributed more to 
the superior properties of the metal than has the use of alloys. 

The alloy steels discussed in this monograph are considered as 
regards their value for structural, cutting, or electrical purposes. 

Steel used for structural purposes is taken to include that 
used for the stationary as well as the moving parts of structures 
and machines, including bridges, buildings, vehicles, machine 
tools (except the cutting tools), armor plate, ships, motors, 
machinery for winning and working ores involving resistance to 
abrasion or corrosion, and wire, except electrical wire, and in 
general all steel not used in the other two fields. 

Steel used for cutting purposes includes that employed to 
form an actual cutting edge and that used in projectiles for war. 

Steel for electrical purposes is used in magnets, core steel; 
non-magnetic articles, and electrical-resistance devices. 

No steel suitable in a commercial sense for two of these 
purposes is made, though some steels might be used for more 
than one purpose if a better kind for the other specific purpose 
were not known; thus a fair tool steel might be made of some of 
the harder structural steels, and a fair magnet might be made of 
some of the tool steels. 

The effects of the alloying elements in alloy steels are vari- 
ous; thus nickel increases the elastic limit as compared to 
tensility; chromium increases the hardness of quenched steel; 
and manganese destroys magnetic susceptibility — effects all of 
which are valuable for certain purposes. 

MANUFACTURE OF ALLOY STEEL 

Alloy steels are made by any of the steel-making processes, 
that is, by any of the variations of the pneumatic processes, 
by the acid or basic open hearth, by the electric furnace, and 
by the crucible. For each of the various purposes, however, 
the practice is more limited, the general rule being of course 
that the cheapest process is employed that will yield a product 
satisfactory for the purpose in view. 

All alloy-steel ingots or castings should be made sound and 
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with full tendency to pipe. Soundness, which means freedom 
from gas holes, is, generally speaking, a necessary require- 
ment in order that the product may be sound, as almost any of 
the alloying elements interferes with or prevents the welding of 
steel that contains that element so that any contained gas 
holes in ingots will not be welded up by hot working. There- 
fore they may, if near the surface, be opened to the air by 
sea, ling in heating or by forging and rolling and then be oxi- 
dized within and form scams. Chromium and nickel more than 
other alloying metals prevent welding in steel. 

Pipe in the ingot may be shortened in length by casting the 
ingot with the larger end up, or it may be avoided if the ingot 
when so cast is squeezed laterally, or if the top is maintained 
in the molten state until the remainder of the ingot is solid. 
If neither of these means is employed enough of the top of the 
ingot must be discarded to get rid of any objectionable pipe. 
Whether any pipe is permissible depends on the use to be made 
of the steel, there l)eing many uses for which steel containing 
a i)ipc is adai)ted, or a hole may even be drilled where the pipe 
would naturally be as is often done to favor heat treatment in 
massive articles. 

The amounts given in this monograph of the different steels 
produced in the United States have for the most part been 
determined 1)y indirect means. They arc therefore not exact, 
but are, it is believed, near enough to the truth to warrant 
presenting them. 

The temperatures are given in both centigrade and Fahren- 
heit degrees. 

Alloy steels and other alloys of iron with other elements 
have been discussed by numerous writers chiefly in their gen- 
eral or purely scientific aspects. 

ITic selected bibliography, at the erld of each chapter, 
relating to the different alloy steels is intended to be limited 
to articles that bear ui)on the useful steels. Many of the articles 
themselves have bibliographies more or less complete. The 
bibliography is arranged chronologically. 
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STRUCTURAL ALLOY STEELS 

GENERAL CONSIDERATIONS 

Structural steels, whose fields of use have already been 
noted, have some attributes in common, which makes it worth 
while to consider them collectively to a certain extent. These 
steels are working great improvements in the production of 
structures for various purposes, especially where the saving 
of weight or increase of strength or both are important, the 
most conspicuous example being undoubtedly the automobile 
industry. Heat-treated alloy steels with double or treble the 
strength of the simple steels they replace and with as great or 
greater reliability are now in regular and most advantageous 
use. In common with other alloy steels, structural alloy steels 
owe a part of their superior properties to the presence of the 
alloying element, but usually far more to heat treatment when 
it can be given to them. In automobiles the use of alloy steels 
is generally not advised unless the steels are heat treated, as 
the gain from their use in the natural or untreated state does 
not compensate for the increased cost. 

Most structural alloy steels are therefore used in the heat- 
treated condition, when the articles made of them are, like auto- 
mobile parts, not too bulky or massive. Large pieces like 
nickel-steel rails and nickel-steel members of bridges are used 
without heat treatment, the advantages of increased strength 
and ductility that the metal possesses being due solely to the 
presence of the alloying element. 

The difi&culties attending the heat treatment of large steel 
parts that are bulky for their weight are holding back their 
general introduction. They require, as nearly a.s is practicable, 
to be uniformly heated, uniformly cooled in quenching, and 
afterward, when cold, to be made true to form, as the quench- 
ing operation, however carefully done, usually leaves them 
warped or twisted. No doubt, in time, means will be found to 
overcome these drawbacks and such pieces as raib and bridge 
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members of alloy steels will be used regularly in the heat- 
treated condition. A compact object like an armor plate, 
though very large, may be quenched without unmanageable 
warping because of its simple shape. The difficulty in making 
straight and true such an article as a heat-treated rail of pearlitic 
alloy steels lies largely in the springiness of the treated metal. 
It is not easy to give it the correct amount of set needed to 
counteract or obliterate a crook, bend, or twist that may result 
from quenching. Yet this is necessary when the piece must 
be straight or true to shape. Stretching slightly beyond the 
elastic limit as is done to some thin steel sheets and relatively 
small bars to straighten them might be efficacious, but is not 
to be easily done with a piece of such irregular cross-section as 
a rail. 

The effects of heat treatment are so great that a certain 
steel may be given a very wide range of properties, depending 
on the treatment, and any desired set of properties within 
that range may be obtained solely by varying the heat treat- 
ment. The principal variant is the degree of the second heat- 
ing. The lower this is, the stronger and stiffer the steel, and 
the higher, the weaker and more ductile it is. 

This effect of heat treatment on steel is illustrated by a table 
published by a jiroducer giving the results of 40 tensile tests 
made from one heat of steel, each test piece having had a dif- 
ferent heat treatment. Five, which cover the range, are given 
in the table below. 


RESUI/rS OF TENSILE-STRENGTH TESTS OF r, PIECES OF STEEL 
• EACH RECEIVING A DIFFERENT HEAT TREATMENT 


Tensility. 

Elastic Limit. 

Elastic Ratio. 

Elonf, nation in 

2 Inches. 

Contraction 
of Area. 

Pounds. 

Pounds. 

Per Cent. 

Per Cent. 

Per Cent. 

84,850 

50,500 

’ 60 

28 

67 -s 

120,075 

00,000 

74.5 

I4-S 

51 

166,050 

157,500 

94 

12.5 

44 

20 ,600 

200,000 

97 

13 

48.7 
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Analysis of the original steel showed C, 0.25; iSIn, 0.50: Cr, 
1.07; and V, 0.17 per cent, but similar results could he obtained 
with a variety of comi)ositions. 

For making small [)arts that must be true and well finished 
the structural alloy steels are generally heat Ireati-d before 
they are machined, and this requirement jiri-vents the use in 
such parts of steel of the highest strength attainable, because 
steel having that strength is not, coinniercially machinable. 
Generally speaking, any part that is to have an elastic limit of 
more tlran 100,000 pounds i)er s(|uari‘ im'h must hi- treated after 
having been machined, not belore, because most steels having 
a higher clastic limit than that are too hard to allow machining 
by commercial processes, though chromium vanadium steels 
with an elastic limit of 150,000 jHiunds per scjuare inch an- 
claimed to be machinable, that is, they may be cut with high- 
speed steels at a profitable rate. An elastic limit of 100,000 
pounds or more per scjuare inch can be imparted to steel oidy 
by heat treatment, as no untreated steel of a commercial grade 
will have so high a limit. 

Some of the makers of .structural alloy steels arc publishing 
for each of their steels a graph showing the physical jiropi-rties 
the steel will have when hardened and then drawn to different 
temperatures. Of course, the grajihs give rx {xirlr information 
which is subject to confirmation before acceptance, but the plan 
is excellent as giving the most information in the least space. 
Similar graphs of many alloy steels prejiared l^- consumers are 
expected to be soon available for comparison. From thesis 
graphs a new user of the.se steels may choose the properties he 
desires and specify the steel he- wishes, making some allow- 
ance of course (say 10 per cent) for the uncertaint ies of manu- 
facture and treatment. The steel maker or treater, to he 
reasonably sure of meeting the recpiirements, will aim to exceed 
the properties specified, and the net result will usually be that 
the steel will have practically the properties desired. 

The table of properties given later show how much more 
the properties possessed are imj)arted by treatment than by 
composition. 
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The size or massiveness of the article has a great effect on 
the results obtained by any given heat treatment. The greater 
the mass the lower the qualities, though not in exact proportion. 
Thus the mass must always be considered in connection with 
the properties desired, and the composition and heat treat- 
ment prescribed must be modified accordingly, though even 
then the effect of mass may be only partly compensated for. 

The modulus of elasticity of many, if not all, structural 
alloy steels in common with other steels is not changed much 
by heat treatment or variations in composition* and is usually 
between 28,000,000 and 30,000,000 pounds per square inch; 
that is, the modulus of the steel in its annealed, hardened, and 
tempered condition remains practically unchanged. The fol- 
lowing table was compiled from data given by Landau. f 

JMODULI OF ELASTTOrrV OV SOME ALl.OY STEELS 



Si 

Mn 


s 

Cr 

Ni 

V 

MOfiUlUS. 

Per 

Per C'l-nt 

Per Cent 

Per t'enti Per ('ent 

Pit Cent 

Per Cent 

Per Cent 


0.50 

0. 13 

0 . S .1 

O.OI 

0.02 

1 . 25 


0. 14 

20,240,000 

■ 4 7 

I . S3 

.70 

.01 

.01 




28,050,000 

.4S 

. lO 

•44 

.or 

.or 

. c)8 

2.02 


28,840,000 

.30 

. IC) 

.04 

.01 

.or 


3.25 

.iS 

28,260,000 

.25 j 

. 21 

.74 

.Ol 

.or 


3-55 


28,1 70,000 

. 24 

. 21 

. 4 (> 

.01 

.02 

.()6 

2.02 


28,200,000 

.25 

. ro. 

.50 

.or 


1.05 


.16 

30,158,000 














liecause of the unchangeability of the modulus of elasticity 
the stiffness or rigidity of steel within the clastic limit is not 
changed either by heat treatment or the presence of any of the 
alloying elements, exceiit perhaps manganese in manganese 
steel and nickel in high-nickcl steels. 

Heat treatment docs increase the elasticity, however, so 
that a piece of heat-treated steel may return to its original 

* lyandau, DavicU Indiu^nccs affecting the fundamental deflection of leaf springs: 
Bull. Soc. Automobile Eng., vol. 5, March, 1914, p. 430. 
t Landau, David, op. cit., pp. 431-434; 



10 


MANUFACTURE AND USES OF ALLOY STEELS 


form after having endured a stress that would have permanently 
deformed it in its untreated condition; that is, it is given some 
of the springiness of heat-treated springs. 

Many of the structural steels, particularly those used in 
automobile manufacture, have a great endurance against fatigue 
when subjected to repeated alternating stresses. The heat treat- 
ment increases their durability in this test even more noticeably 
than it does the properties determined by the tensile test. 
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CHAPTER II 


SIMPLE TUNGSTEN STEEL 

Musiif.t’s air-lKirdening steel, the first of the alloy steels, 
may he considered as a simple tungsten steel, though it con- 
tained so much manganese (about 2 per cent) that it might with 
some reason be classed as a quaternary steel, as it contained 
also about 2 jicr cent of carbon and 6 per cent of tungsten. 
'Phe manganese was essential to give the self-hardening property. 
The stc'el is now becoming olisolete, having had a useful career 
and having formed an indi.spensable link in the development of 
the high-sfieed tool steels discussed later. 

'fungsten is very heavy, its siiecific gravity being, according 
to recent determinations, about iq.,^, and it is the most infusible 
substance known e.xcejit carbon and, perhaps, boron. These 
properties have some elTect on the production of tungsten steel. 


MANUFACTUUK OF TUNGSTEN STEEL 

'fungsten steel is generally, if not always, made by the 
crucilile process, 'fhe pots are charged cold by packing in the 
materials, the tungsten being placed at the top to counteract 
in a measure its tendency to settle because of its high specific 
gravity. If this tendency operated unchecked there might be 
at the bottom of the pot a rather infusible mush of high-tungsten 
alloy which would not pour out, and if it did the ingot would 
have an irregular composition because of the uneven distribu- 
tion of the tungsten. 

The steel is melted and then “killed” in the crucibles by 
holding lliem in the furnace for 30 or 40 minutes after the charge 
has melted, until the steel ceases to bubble or work and lies dead 
in the pot. 
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The pots are sometimes cast singly or doubly by hand pour- 
ing or collectively by means of a ladle into which all the pots 
of a furnace charge are emptied. Good tungsten steel makes 
remarkably sound solid ingots, except for the pipe, though 
tungsten itself is not considered to aid in removing or control- 
ling either the oxides or the gases. It is added solely for its effect 
on the finished and treated steel. 

This lack of power of tungsten to deal with oxides and gases 
arises no doubt from its low calorific power, its heat of com- 
bustion being given (with qualification) as about i,ooo calories, 
whereas iron burned to Fe304 gives 1,612 calories. 

METHOD OF WORKING 

Simple tungsten steels of commercial grades are heated, 
forged, and rolled in much the same manner as other high- 
carbon steels, presenting no special problems or difficulties. 

PROPERTIES AND USES 

Simple tungsten steel is at present chiefly used in perma- 
nent magnets for electric meters, in small dynamos, and hand 
use, for which it has been used for 30 or 40 years. The con- 
sumption in 1913 is thought to have been between 5,000 and 
6,000 tons. This steel contains about 0.6 per cent of carbon 
and 6 per cent of tungsten. Some has been made in recent 
years containing 0.2 to 0.3 per cent of vanadium, chromium, 
or molybdenum which were considered at the time to give 
greater retentivity to the steel, but those ingredients are now 
generally held to be of no practical value, adding nothing to 
the fitness of the steel for its purpose. 

Some buyers of magnet steel do not specify composition 
but only performance, that is, what magnetic properties the 
steel must have. 

To make permanent magnets retain their magnetism as much 
as possible they are made very hard by heating and quenching. 
They are then magnetized, and if they are to be used for electric 
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meters they are seasoned by a treatment involving protracted 
heating to loo"^ C. (212'^ F.) to make their magnetism as nearly 
constant as possible. 

A variety of tungsten steel containing about i per cent of 
carbon and 3 to 4 per cent of tungsten is made and used as a 
tool steel for taking finishing cuts on iron and steel in the machine 
shop. It acts more like a simple steel than a self-hardening steel, 
as it requires to be hardened by quenching in water and then 
drawn in the same general way that simple steels have been 
drawn, presumably for thousands of years. It will cut at a 
higher speed than a simple steel, say 40 feet per minute on steel 
having a tensile strength of 80,000 pounds per square inch, 
and is also more durable. 

The presence of tungsten in steel is generally stated to lower 
the fusion point of the steel. Mars* gives a table of fusion 
points of tungsten steels with contents of tungsten ranging from 
0.5 to 17 per cent, from which he concludes that tungsten 
lowers the fusion point. However, when his results are corrected 
for the lowering effects of the contained carbon, silicon, and 
manganese doubt arises as to the correctness of his conclusion. 
Thus, a steel containing 0.66 per cent C, 0.03 per cent Si, 0.04 
per cent Mn, and 3.11 per cent W fused at 1,488° C. The car- 
bon would lower the fusion point about 60° C., and the silicon 
and manganese slightly, so that the plain iron-tungsten alloy 
should have a fusion point a little above 1,548° C., which is 
about 20° C. above that of pure iron. Seemingly this is the 
effect of 3.1 1 per cent tungsten. 

The erosion of the bore of cannon by the powder gases is 
held to depend largely on the fusion point of the metal of the 
tube or liner, the higher the point the greater being the resist- 
ance to erosion. So it has been found that the nearer the metal 
comes to being pure iron the higher its fusion temperature and 
the better it resists erosion, but the strength required compels 
a certain amount of hardening and strengthening elements to 
be present in the steel. Tungsten raises the strength and pos- 

* Mars, G., Die Special stable, ihre Geschichte, Eigenschaften, Behandlung und 
Herstellung. Stuttgart, 1912. 
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sibly the temperature of fusion and so has been employed for 
the tubes of cannon, particularly by the Government of Austria. 
Arnold and Read* found that steel with 0.71 per cent carbon 
and 5.4 per cent tungsten had in the annealed state a tensility 
of 88,900 pounds per square inch, an elastic limit of 60,200 
pounds, an elongation of 20 per cent, and a contraction of area 
of 34.7 per cent, values that compare favorably with those of 
the steels usually employed in the manufacture of cannon. 

They give data regarding a series of annealed tungsten steels 
as follows: 

The strength and hardness of these steels may be greatly 
increased by heat treatment involving quenching and with 
only relatively small decrease in ductility. 

THEORY or TUNGSTEN STEEL 

Arnold and Read concluded that the carbon in the steels 
they examined was combined with iron when the tungsten 
was low, but that the higher the tungsten the more of the carbon 
was combined with it until in steel containing 11.5 per cent of 
tungsten none of the carbon was combined with iron, but all 
of it with tungsten. With still higher tungsten content the 
excess of tungsten was combined with iron. 
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CHAPTER III 


SIMPLE CHROMIUM STEEL 

Simple chromium steels, though one of the earliest if not 
the first of the alloy steels to be made, are not now largely used, 
though they are for quite a variety of purposes. In combina- 
tion with other alloying elements, however, chromium is still 
one of the most important constituents of alloy steels. 

The production of simple chromium steel ingots is thought 
to have been about 6,000 tons in 1913 with a content of chromium 
of 0.4 to 2 per cent. It is made by either the acid open hearth 
or crucible process. If made in crucibles the chromium in the 
form of ferrochromium is made a part of the original charge, 
but if made in the open-hearth furnace the ferrochromium is 
added just long enough before casting for the alloy to be melted 
and well mixed with the charge. 

The consumption of ferrochromium for steel making in this 
country in 1913 was between 3,000 and 4,000 tons, containing 
60 to 70 per cent of chromium. If i per cent be assumed as the 
average content of chromium in the structural steels, and 4 
per cent in the high-speed tool steels, a total of about 204,000 
tons of steel of all kinds in the ladle contained chromium. The 
bulk of such steel was quaternary or complex steel, about 6,000 
tons being considered as simple chromium steel, as already 
stated. 

At steel-melting temperatures chromium has a greater 
affinity for oxygen than has iron, and therefore if any oxygen 
either free or in the form of oxide of iron comes in contact with 
melted steel that contains chromium, some of the chromium 
is wasted. It is not oxidized as rapidly as silicon and manganese, 
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however, and therefore has little deoxidizing effect when added 
to an oxidized iron bath, the oxides and gases being controlled 
by other means. 

The effect of a chromium content up to a maximum of 2^ 
per cent in steel is to increase the hardness moderately when the 
steel is in the natural state, as defined on page ix, and particu- 
larly when it is in the hardened condition after having been 
quenched. 


METHODS OF WORKING 

Chromium steels are cast, forged, and rolled by the same 
plant and by the same methods as simple steels of the same 
or slightly higher carbon contents. Castings are annealed, or 
heat treated, as the conditions warrant or require to give the 
most suitable properties for the proposed use. 

Chromium steels are perhaps never used in the untreated 
condition, and their properties in that state are therefore not 
given. 


COMPOSITION AND PROPERTIES OF HEAT-TREATED SIMPLE 
CHROMIUM STEELS 
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USES OF SIMPLE CHROMIUM STEELS 

The longest established use of chromium steels now cur- 
rent is in stamp shoes and dies for pulverizing certain gold and 
silver ores. These shoes and dies contain 0.8 to 0.9 per cent of 
carbon, with 0.4 to 0.5 per cent of chromium. They are prefer- 
ably annealed to destroy ingotism and so impart some toughness 
to the metal, which increases their durability in an important 
degree. 

Another long-established use of chromium steel is in s-ply 
plates for the manufacture of safes for the safe-keeping of valu- 
ables. These plates are made of live alternate layers, two of 
chromium steel and three of soft steel or wrought iron, and 
after having been hardened offer great resistance to the drilling 
tools employed by burglars. The plates are, however, neces- 
sarily rather thin, usually between one-half and i inch thick, 
so that a safe wall or door to be more than an inch thick must 
l)e formed of two or more thicknesses, which are fastened to- 
gether with screws. Many portable safes so made have been 
robl)ed l)y l)urglars who UvSed liquid nitroglycerine, which was 
flowed into the joints and exploded, blowing out the door or 
wall. Such safes are therefore not made in such great numbers 
as formerly, but considerable quantities of chromium steel are 
used in large stationary safes, usually called vaults, where the 
individual pieces are larger and the other safeguards against 
burglary so effective that they are not attacked by burglars. 

Hardened chromium-steel rolls having 0.9 per cent of car- 
bon and 2 per cent of chromium are used for cold-rolling metals. 
They are glass hard so that the ball hardness can not be deter- 
mined, the ball making no impression. The hardness, as deter- 
mined by the sclerescopc, is 107. 

Files of chromium steel are excellent, and in 1913 about 
3,000 tons of this steel went into them, the carbon content being 
1.3 to 1.5 per cent and the chromium content about 0.5 per cent. 

An important use of chromium steel is in balls and rollers 
for bearings. One large maker uses steel containing carbon, 
i.io per cent; chromium, 1.40 per cent; manganese, 0.35 per 
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cent; sulphur, 0.025 per cent; and phosphorus, 0,025 per cent. 
Sizes smaller than one-half inch diameter are heat-treated by 
being quenched in water from 774° C. (1,425° F.) and then 
drawn to 190° C. (375° F.) for half an hour. For larger balls 
the quenching temperature is 802° C. (i,47S^ The second 
heating does not produce an oxide color, but is enough to let 
down in some degree the internal stresses due to the irregular 
cooling of quenching so that the balls are less liable to crack 
spontaneously or to be broken in use. 

The strength of a good, well-treated ball is prodigious, a ball 
three-fourths of an inch diameter, tested by the three-ball 
method, sustaining a load of 52,000 pounds. On the small area 
of contact the intensity of the pressure amounts to over one 
million pounds per square inch. 

The Society of Automobile Engineers recommends less 
chromium than that given above, or i to 1.2 per cent. A steel 
maker recommends 1.5 per cent. 

A former important use of these steels was in armor-piercing 
projectiles. Cubillo* gives as the analysis of such a steel: 
C 0.85 per cent, Mn 0.38 per cent, Cr 2.31 per cent, Si 0.16 
per cent, and P 0.02 per cent. The physical properties were as 
follow^s: 


PHYSICAL PROPERTIES OF CERTAIN ARMOR-PIERCING STEELS 


Treatment. 
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The greater part of projectiles, however, contain some nickel 
also, as noted in the discussion of nickel-chromium steels. 

Chromium steels are preferred by some builders in certain 
automobile parts, though most makers of cars prefer nickel 
chromium. 

Cubiilo, L., The manufacture of armor-piercing projectiles; Jour. Iron and 
Steel Inst., vol. 88, 1913, p. 251. 



SIMPLE CHROMIUM STEEL 


23 


BIBLIOGRAPHY ON CHROMIUM STEEL 

Brustlein, H. a. On chrome, pig iron, and steel. Jour. Iron and Steel 
Inst., 1886, pt. 2, pp. 770-778. Briefly describes experiments made by 
French railway companies. 

Hadfield, R. a. Alloys of iron and chromium, including a report by F. 
Osmond. Jour. Iron and Steel Inst., 1892, pt. 2, pp. 49-175. Includes 
discussion and bibliography. 

Guillet, Leon. Les aciers au chrome. Rev. met., t. i, 1904, pp. 155-183. 

Recherches sur les aciers au chrome. Genie civil, t. 44, 1904, pp. 

281-298. 

Brustlein, A. Comment Facier chrome est devenu un produit industriel. 
Rev. met., t. 2, 1905, pp. 50S-515. 

Perar, U. C. Steel for cutters, punches, and dies. Am. Machinist, vol. 
33, pt. r, Jan. 6, igio, pp. 17-20. 

Arnold, J. ()., and Read, A. A. The chemical and mcclvinical relations 
of iron, clmomiurn, and carbon. Jour. Iron and Steel Inst., 1911, pt. i, 
pp. 249-268. 

PoRTEViN, A. M. Sur les aciers au chrome. Rev. met., vol. 8, 1911, pp. 
802-803. 

Friend, J. N. The corrodibility of nickel, chromium, and nickel chromium 
steels. Jour. Iron and Steel Inst, pt. i, 1913, pp. 38S-398. Sec also 
general bibliography. 



CUAVTKli \V 


MANGANESE STEEL 

Manganese steel in the enmmereial ineanini^ of tlu‘ name 
is a variety of iron conlainine: n to 14 per eenl of man^^anese 
and i.o to 1,3 per cent of carhtin. 'The orii^iiial patcaits covered 
alloys of iron with 7 to 30 per ccn{ of inanganese hut tlie steels 
within the limits of composition ^ivi*n havt* tlu* ^rt^atest stiaai^th 
and ductility of any and are always nuaint wlum inaii'^anese 
steel is ordered without further (|ualilicatiou. ht'partuia^ from 
these limits of analysis means in a general way that tlic steel 
is to that extent unsuited for the structural purpt)ses for which 
manganese steel has btrn found applicahUa 

The bulk of the manganes(‘ stt'cl madt^ at i)n'S(mt is put into 
castings, of which al)out 36,000 tons was made in 1013. 'riic 
use of hot-worked (rolled or forged) mangancsi' stta^l is m>w of 
importance, some 3,000 tons having hvm madt: in 0)13, iu\'irly 
all of which went into rails. I'liest* ({uantities ('all for about 
60,000 tons of molten steel in tlu* ladle. 

Though about 40 concerns offer manga nest* steel castings, 
only about half a dozen make any considt*rablt* ({uantit y, liaving 
supplied practically all of that made in xt^ry. 


MANCEAtTt'KK 


Manganese steel is still madt* in tin* ladh* at'cording to Ilad- 
field^s expired patents by the mixture of det urhurized iron and 
80 per cent ferromanganese. The (h*carl)urize(l iron is [ire- 
pared either by the pneumatic process, btaiig liltnvn in some 
one of the many modified pneumatic convt*rters, or in the 
Siemens furnace. As ferromanganese forms such a large pro- 
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portion of the charge, about one-seventh, it must be melted 
or nearly so before being added to or mixed with the decarbur- 
ized iron, or the resulting steel would be too cold. The ferro- 
manganese is usually melted in graphite crucibles or pots which 
is an expensive way but not yet generally superseded. The pots 
are heated in ordinary coal-fired melting holes. They usually 
may be used to melt eight or ten charges, whereas in steel melt- 
ing they average less. Hiis longer life when melting ferroman- 
ganese comes from botli the lower melting temperature needed 
and the absence of solution of the graphite of the pot by the 
metal, common ferromanganese being saturated with carbon, 
whereas molten steel eagerly dissolves any carbon with which 
it comes in contact. The ferromanganese need not be coin- 
])letely melt(*d, which of course would not be permissible with 
the steel. 

The decarl )urized iron used should have a low carbon content, 
not over o. lo i)er cent, so that the resulting steel may not have 
more than is desired. The proportion of carbon to manganese 
in the stc'el will, therefore, be a little more than in the ferro- 
manganc'se. 

After the manganese steel has been made in the ladle it should 
l)e cast as soon as practicable if it is to be used for castings, but 
if it is to be used for ingots a little time should be allowed for the 
silicate formed within the metal to collect and float to the top. 

T 1 k‘ quantity of manganese is proportioned to the size of 
the cliarge of decarburized iron with allowance for loss through 
oxidation of an amount ecjual to about i j per cent of the steel. 
Tims 14 per cent is added to yield 12.5 per cent in the steel. 
Everything is weighed —the stock before melting, the iron added 
to the vessel if decarburized by the pneumatic process, the 
molten ferromangaiK'se, which is put in the ladle first, and the 
decarburized iron arc all weighed, the weight of the decarbur- 
ized iron giving the weight of the molten steel in the ladle. 
When the decarburized iron is prepared in a tilting Siemens 
furnace, a part may be taken out at a time and made into steel, 
the amount of iron being weighed by a suspended weighing 
machine on the crane. 
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Earnest efforts have been made to melt ferromanganese in 
a cupola because of the high cost of melting in pots, and some 
has been so meked in a commercial way. When the h'rroman- 
ganese is melted in a cupola there is more* loss of manganes(\ 
which offsets, in part at least, the lower (a>st of melting. 'The 
loss is diminished to a large extent by charging tlu' ft'rroman- 
ganese in the center of the cupola with coke* around the outsidt^ 
so that the metal is largely protected from frea- oxygc.n of tlu‘ 
blast, which would oxidize manganese if it I'anu* in contact witli 
it. It is a matter for calculation which is to I)e cho.scai for any 
given conditions as being the cheai)er or, all things considcia^d, 
the most advantageous. 

Another effect of the waste of mangaiu*S(‘ from the ha-ro- 
manganese used in making manganese stet‘l is tliat t!u‘ carl)on 
content is higher, and perhaps undt‘sirably so in the* finislual 
steel, because of its concentration diu‘ to the wast(‘ of man- 
ganese. Carbon is not oxidized under usual conditions in fust*d 
ferromanganese, because of the i)resenct‘ of the largt‘ exc('ss of 
manganese, which seizes any o.xygen that reaciies tlu‘ alloy. 

Manganese steel is usually made and handled in clay lint'd 
ladles. Basic-lined ladles present som<‘ advantages, but clay is 
used because it is so much cheaper and more easily made into 
a lining. Such a lining is of course to bt^ ('lasse<l as acid, and 
sometimes strongly so, when (]uartz in tlu* form (»f sand or gan- 
ister is mixed with the clay. IMoUam mungan(%s(‘ ste<*l in an acid- 
lined ladle continually makes a fusible and litjuid slag, which is 
chiefly a silicate of mangane.se, greem in color. It is formed of 
oxide of manganese, which is continually I)(*ing oxidizt*d I)y 
atmospheric oxygen, and the ladle lining. A littU* gr(*en silicalt^ 
rises and joins the slag from within th(‘ nudal, btmig lormcd 
from the silica contained in the (kHurburized iron and tlu* oxidt* 
of manganese formed by substitution of mangaiu^sc* for iron 
in the oxide of iron in the metal dim thin fluid slag is troulilc 
some, as it is not ea.sily kept from entering the nujlds with tlu* 
steel, where it is likely to cause a <Iefect in the ingot or casting. 

To avoid the trouble from the wry Ii([uid slag a ^h-offtH*- 
pot” ladle is sometimes used, which is pnivid'd with a sp<mt 
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like that of a coffeepot, attached at one side and connecting 
with the ladle interior at the bottom. This arrangement acts 
effectively to skim the slag, which can not enter the spout until 
nearly all the steel has been |)()ured out of the ladle. 

The corrosion of the ladle lining is deepest at the slag line 
when the ladle is full, as the slag has more time to act on the 
lining at that level than at any other. 

Because of its large content of carbon, silicon, and man- 
ganese, the latter fusing at 1,260"^ C., manganese steel melts 
at about 1,325'^ C., a temperature lower than that of simple 
steel, and one that favors the running of intricate castings. 
For the same reason manganese steel, containing so much gas 
solvent, is usually free from gas holes; but if the decarburized 
iron of which it is made is too hot, and therefore too heavily 
charged with gases, the solvent powers of the silicon and man- 
ganese may l)c e.xcx'eded, and the steel be saturated with gases, 
the ingots or castings being consequently infested with blow- 
holes by the gases lil)erated in cooling. 


COMPOSITION 

In making manganese steel one composition is practically 
standard. The usual analyses of manganese steel lie between 
the following limits: Carl)on, i.o to 1.3 per cent; silicon, 0.3 
to 0.8 per cent; manganese, ii.o to 14.0 per cent; phosphorus, 
0.05 to o. oS per cent. The sulphur content is so low as to be 
negligible in manganese steel as in other iron-manganese alloys, 
from which any .sulphur that may get in is ciuickly eliminated 
by the manganese, probably as sulphide, which rises to the 
surface or enters the slag. In the open the sulphur is burned l)y 
the oxygen of the air, forming sulphurous acid (SO2), which 
may often be smelled coming from the molten steel. 

Low-manganese steels with 7 to 8 per cent of manganese 
are finding some use, having a higher and better defined elastic 
limit than the regular grade and yet with considerable though 
much less ductility. They are also cheaper to make. They 
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do not flow under inipact as freely as the rc\ij;iilar commercial 
grades, because, no doubt, of their martensitic st ructurcc 

Manganese-iron alloys containing 3 to 10 per cent of man- 
ganese and I per cent of carbon are marttaisitic. With tlu‘ man- 
ganese over 10 per cent the structure is austtaiitic. dlu' steels 
having 7 to 10 per cent of manganes(‘ are so diffca-ent from com- 
mercial manganese steel that another nanu‘ shouKl he given 
them to avoid confusion. The name “Ionian stt*t‘l,” an ahlin^- 
viation of “low-manganese steel," has htaai applied to them anti 
seems to be suitable as a short distinctive na.mc. 


GENERAL PROPERTiKS 

Manganese steel is a hard self-hanUaiifig sttad, owing this 
property to its composition and not to trts'dimmt. Il can not 
be softened by heating followtal by slow cooling. It. is, for a 
metal, a poor conductor of electrit'ity. 

Manganese steel has a high c<H‘flK'i(‘nt of t‘xpansion, small 
patterns being made with a shrinkage of Tua* six(e(‘n(hs of an 
inch to I foot, which sometimes is not <|uitc‘ t‘nough. shrink- 
age of five-sixteenths of an inch to i foot givtxs a nuxui (*o(d!ici('nl 
of expansion of about 0.000024 per degree c<*ntigradi‘. 

In respect to specific gravity manganesi* stt‘el is not to la^ 
distinguished from simple steels of tlie sanu‘ caii>t)n conttait, as 
all have, generally speaking, about tlu‘ sanux 

Perhaps the most remarkable proixaly of mangaiu‘st‘ sti‘t‘I 
is its almost total lack of magnetic ])ernu‘ability and susc't'pti* 
bility. This metal, containing 85 ]>er cent of iron in a nudallit' 
form, is so slightly attracted l)y a magnet that tlu‘ pull ('an not 
be felt with the hand, whereas magnetic oxidt‘ of iron, c'ontaining 
about JO per cent of iron in a nonnu‘tal!i(' form, is strongl\’ at- 
tracted. A magnetometer or even a pocicet (‘ompass ne(‘d!<‘ 
will usually detect magnetism in commerc'ial mangaiu‘se stivl, 
especially if a test be made soon after llie steel has l)een in con- 
tact with a magnet, but the amount that may he so detected is 
extremely small For most practical j)urp()scs it is zero. 
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Properties of M(iHi!;aiiese Steel in the Raio State 

The |)n)|>crlics of nKinganose steel in the raw state are much 
like those of other raw hii;h-airI)on steels, the metal being very 
hard, but its ductility being practically negligible. The steel, 
l)ecause non-magnetic, may l)e used for |)urposes requiring a 
hard nonmagnetic metal^ if it is not liable to shock. With bet- 
ter tool steels, wliic'h may make machining manganese steel a 
commercial opc'ration, the metal may find a field of use in elec- 
trical apparatus, re[)lacing some l)ra.ss or other nonferrous 
metals because of its lack of magnetic qualities and lower cost. 


Iir'.AT TRKATMKN'r OF MANGANESF STEEL 

Altlioiigh the composition of manganese steel is extremely 
important in dtd(‘rmining its proj)erties, the heat treatment to 
whic'h it is subjecdi'd to develoi) in it its great toughness or 
ductility is even more so. 

As list'd, it is almost universally water-toughened according 
to the method Iladlield .set. forth in his early jxipers'** on the 
sul)ject. This tri'at.nu'nt consists in heating the whole article 
to al)out 1,050'’ C. and then cooling it as quickly as possible 
l)y immersing it in ('old water, the colder the water and the more 
of it, the Iietter. It will not do to heat only a part of the piece 
for quenching, and if a, part of a toughened article becomes heated 
to redness or near it by accident or design the whole piece 
should be reheated and again cpienched to give it proper quali- 
ties for use. 

No time should be lost In completing the heating and quench- 
ing aftiT the i>i(‘ce has liet'ome rcTl-hot to avoid oxidation as 
cornplt'tely as possible. Ma.nganese steel is a poor conductor 
of heat, a factor that interferes with its heat treatment and 
tends to limit tlie thickness of the steel that may be profitably 

* lladru-Ul, R. A., On man)L];an(‘se Jour. Iron and Steel Tnst., i<S88, pt. 2, 

|)p. 41-82; Manganese in its appHeation to metallurgy: Pna'. Tnst. Civ. Eng., 
vol. os, p(. s, i 887»88, pp. r 16; Some newly discovered properties of iron and 
manganese, loc. eit., pp. 61-126, 
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treated. This limit of thickness is generally taken as 4 inches, 
though somewhat thicker pieces in which the presence of internal 
cracks in the central parts would not be ruinous are treated ir 
particular instances. 

A thick piece of manganese steel must be heated at a slow 
rate. The heating can not be properly done by placing the 
piece when cold in a hot furnace. The furnace if hot from 
previous use must be cooled down nearly to atmospheric tem- 
perature or to that of the piece to be toughened, if it is not cold, 
before it is placed in the heating chamber. If the furnace is 
much hotter than the piece the poor heat conductivity of the 
metal retards the passage of heat to the interior, and the tem- 
perature of the skin rises rapidly, because of which and because 
of the high coef&cient of expansion of the metal the exterior is 
expanded so much sooner than the interior that the latter is 
likely to be torn apart, the cracks extending outward from the 
center toward the surface until the stresses are sufficiently 
relieved or they reach metal too much softened by the heat tc 
crack. 

Many have asked when first considering the question, “Why 
not quench the casting when still hot with the initial casting 
heat?” The answer is that the heat of the various parts oi 
the piece is not sufiiciently uniform, the thicker parts being 
hotter than the thinner. If the piece is what might be called oi 
uniform thickness, any corners or edges or parts first laid bare 
after casting are cooler than the rest of the piece, and even ii 
the piece be a sphere, which is almost the only shape that will 
show a surface of uniform temperature after casting, the interior 
will be so much hotter than the exterior, and will, therefore, 
when the sphere is immersed in a cooling bath, continue con- 
tracting so long after the surface is cold and contraction there 
has ceased that it will tear itself apart. The toughness of the 
metal will not prevent internal rupture under such conditions 
as there can be no contraction of area, as in the pulling test, 
to compensate for and so permit stretching of the metal, which 
must therefore separate at its weaker spots and be subject tc 
cracks. 
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PROPERTIES OF HEAT-TREATED MANGANESE STEEL 

Hadfield’s papers of 1888* gave the results of a large number 
of physical tests of manganese steels. These results indicate 
that the toughening effect of water quenching was imparted 
only when the steel contained at least 9 per cent of manganese. 
Since that date steels having as little as 7 per cent of manganese 
have been given a useful toughening effect though only a frac- 
tion of that of commercial manganese steel. 

The hardness of toughened manganese steel is unique, and 
it may be termed a tough hardness and not a flinty hardness. 
Such steel may easily be dented with a hammer or marked with 
a file or chisel, but cutting it to a useful extent is almost imprac- 
ticable, so that such finishing as is necessary is usually done by 
grinding with abrasive wheels. 

The water toughening of manganese steel gives it great 
ductility — greater as to elongation, perhaps, than that of any 
other steel and exceeding sometimes 50 per cent in 8 inches, 
although its high degree of hardness is not greatly altered. 
This high ductility in combination with the great hardness of 
manganese steel gives it great resistance to abrasive wear as 
well as safety from breakage. Practically all manganese steel 
is used in the toughened state. 

In the pulling test the percentage of contraction of area is 
less than the elongation, a result directly opposite to that with 
simple as well as most alloy steels, in which the percentage of 
contraction is usually twice or more that of the elongation. 
The pulled test piece has a rather uniform stretch throughout 
its length, whereas simple steels, as is well known, have a largely 
increased amount of stretch near the point of fracture. When 
a piece of manganese steel is pulled, the increase of strength 
due to cold working (stretching) is greater than the decrease 
in cross-section due to contraction, so that a stretched part 
becomes stronger than the unstretched parts, and elongation 
then occurs at another place. As the pulling is continued, all 


* Hadfield, R. A., loc. cit. 
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parts of the pulled section stretch one after the other, with the 
result that when the piece is finally ruptured the stretch has 
been comparatively uniform. There is indeed an increased local 
extension and contraction close to the point of rupture, as with 
other ductile steels, but it is less marked in the manganese 
steels. 

The elastic limit of manganese steel is unexpectedly low and 
not well defined, as the steel yields at a gradually increasing 
rate when pulled, as in testing, giving no point that strictly 
speaking, can be said to be the elastic limit or even yield point. 
The strain diagram has no jog. 

A recent pulling test of forged, heat-treated, manganese 
steel gave the following results. The steel was cast in a test 
bar 3 . inches square, forged down to a test piece of about the 
dimensions given, and finished by grinding. 

RESULTS OF PULLING TEST OF PIECE OF MANGANESE STEEL 


Diameter of piece, inches 0.823 

Length, inches 2 

Tensile strenght per square inch, pounds 152,840 

Elastic limit per square inch, pounds 56,400 

Elongation, per cent 51 

Contraction, per cent 39.5 

Carbon, per cent i . 10 

Manganese, per cent 12.4 

Silicon, per cent 0.15 

Phosphorus, per cent 0.06 


The length of the pulled section of a manganese-steel test 
piece does not affect the elongation as much as is the case with 
simple steels, because the stretch is so much more nearly uni- 
form, as described above. 

Owing to its lack of elastic limit and to its high ductility, 
manganese steel is prone to flow under stress, and it does not have 
high resistance to compression or to continually repeated blows 
of a hard mineral of other material that will gradually batter it 
out of shape. The results of tests of this property made with the 
Government testing machine at the Watertown Arsenal were as 
follows: 
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RICSULTS OF COMI'RICSSION 'I'lCSTS OE CAST MANGANESE STEEL 


No. of 
'runt. 
Piece. 


Analysis. 


Pkkmaniont Skt at a Pukssure 
PER Square Inch oe 

Total 

Load. 

C' 

Si 

Un 

C'r 

Pmintls. 

Pounds. 

60,000 

Pounds. 

70,000 

Pounds. 


Per Ci.\ 

Per ('t. 

Per ('t. 

PtT C't. 

Irn'lies. 

Inchet;. 

Inchc.s. 

Inches. 

Poimd.s. 

t 

l . 2 A 

O.O.*! 

1 J . 0 


O.OOOf) 

i».oo,i6 

0.0213 

a.0081 

190,100 

2 

l . JO 

..';4 

12 . H 


. oojo 

.<10.10 

.0182 

. 08 go 

180,100 

S 

I ..u 

..t.i 

12,7 


.(nHo 

.<iodO 

.020.}. 

. 0008 

172,300 

4 

1 . 22 

. 7 J 

1 1 .7 

t) . 80 

• GOOJ 

1 .^ 1 

.(U 10 <; 

. 0038 

.0220 

175.200 


All tost i)ic!CX‘S wero cast and finished by grinding to 4 inches 
long and i.iey inches in diameter, giving i square inch of cross- 
sectional area. At the total load the pieces buckled. The per- 
manent set at a [iressure of 40,000 pounds per sciuare inch shows 
that the limit of elasticity was pas.sed in every case. 

I'he hardness by Brinell’s ball test of manganese steel is low, 
running usually about iqo. 

'Fhe merit number obtained by multiplying the figure rep- 
resenting the tensile strength of a material by the figure repre- 
senting its elongation gives roughly a fair idea of the amount of 
work that must be expended upon the material to break it — that 
is, its strength must lie overcome through a distance represented 
by its ductility liefore it will be broken. The merit number of 
manganese steel is perhaps the greatest of all known steels. 
The merit numbers of various metals are given below. 

MERIT NIIMUERS OF VARIOUS METALS 


Mctnl. 

TcnHilc. 

Strength. 

Elongation. 

Merit 

Number. 


Pouruls, 

Per Cent. 


Manganese Hteel 

140,000 

SO 

7,000,000 

Soft steel 

60,000 

30 

1,800,000 

Tck>1 Hteel 

130,000 

5 

650,000 

Cast iron 

20,000 

•5 

10,000 

Nickel r.tecl, natural . . 

95,000 

21 

1 , 995,000 

Nickel steel, heat 4 reate<l 

1 

207,000 

14 

2,898,000 
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Of course, each of these metals yields to stress within its 
elastic limit, so that some work must be expended on it to strain 
it up to that point. With a nonductile metal, such as cast 
iron or even raw manganese steel, this is the reason for such small 
resistance to shock as it has. The elongation of 0.5 [ier cent 
given in the table is high for cast iron, but its power to absorb 
energy without breaking is increased by its ability to be strained 
within the elastic limit. If a material were to have no ductility 
and were perfectly rigid, the slightest blow would break it. 
Glass, having no ductility and being nearly rigid, comes near 
to being such a material. Of course, it may be easily broken 
by a blow, though it offers considerable resistance to a static 
load — enough to be useful, as in a floor plate, for example. 

The effect of the toughening operation on the merit number 
of manganese steel is shown by the following results, taken from 
Hadiield’s first paper.* 


RESULTS OF TESTS OF TOUGHENING OPERATION ON MERIT 
NUMBER OF MANGANICSE STEEL 


Sample 

No. 

Condition. 

Tensile 

Strength. 

Elongation. 

Merit 

Number. 



Pounfl.H. 

Per Cent. 



/ As forged 

88,120 

3.5 

308,420 


\ Toughened 

I 45 »M 0 

50.0 

^ 7,262,000 


f As forged 

8 r, 6 oo 

i' 5 (> 

127,296 


\ Toughened 

150,370 

44-44 

- 6,682,440 


iThe toughened steel was 24 times as hard to break as the iintoughened, 
2 The toughened steel was so times as hard to break us the untoughened. 


MANGANESE-STEEL CASTINGS 

Manganese-steel castings arc made in dry sand, in green 
sand, and in some instances in iron molds, the considerations 
leading to the adoption of any particular material being much 
the same as with ordinary simple steel castings, such as danger 
of pulling apart or cracking in cooling, misrunning, or failure 

* Hadfield, R. A., Manganese in iron and steel: Proc. Inst. Civ. Eng., vol. 93, 
pt. 3, 1887-88, pp. 1-16. 
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to fill the mold properly, and breaking or washing of the mold, 
and numerous others. The high coefficient of expansion of man- 
ganese steel must be considered, as it increases the liability of a 
casting to be cracked or pulled apart by shrinkage in cooling. 

Manganese steel is prone to settle as it solidifies, demanding, 
for a given massiveness of design, larger sink heads than simple 
steels to feed the casting properly and prevent settle holes. 

Even more than with other steel castings it is important 
that manganese-steel castings be so designed that the mass is 
fairly uniform throughout, or in particular that no part is much 
thicker than the rest. If a thick part is unavoidable, it should 
be connected with a sink head by metal as thick or nearly so. 
Thus, bosses and heavy fillets, often advisable in iron and simple 
steel castings, should be avoided because of the local increase 
of the mass they cause. The trouble is that a heavy part 
incompletely fed will be unsound in its central parts. A hole 
or recess cored in, if permissible, may prevent the central 
cavity, or an iron or soft steel core may be imbedded in the 
thick part, which, by hastening the solidification of the metal, 
may prevent the formation of holes or loose metal there. 

OSES OF MANGANESE STEEL 

The specific uses for which manganese steel is employed 
may be learned from the catalogues of the producers. It is 
used in equipment employed in the mining, milling, and treat- 
ment of ores and other mineral products, quarrying and rock- 
dressing, digging and dredging, railway tracks, parts of machines 
exposed to gritty wear, and burglar-proof safes and vaults for 
the safe-keeping of money and valuables. 

Because of its low-yield point manganese steel does not give 
satisfaction in many lines for which otherwise it seems to be 
eminently fitted. 

When the service required is such that the resistance of the 
metal to flow is not exceeded, the results are often excellent. 
When for any reason the pressure at the point of wear passes 
the flowing point the results are disappointing, though even 
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then they may be better than those obtained by the use of any 
other material. 

In applying manganese steel to a new use determination of its 
fitness is nearly always a matter to be demonstrated, though 
this is less general than formerly as knowledge ami exi)erienee 
have increased. Some of the fields that it was thought at first 
would be well occupied by manganese steel it has never won; 
others that were formerly unthought of it has found easy of 
conquest. Much uncertainty has come in applying it to new 
uses by the requirement that manganese stia-l as a metal be 
substituted for some other metal of a certain size and shape. 
The results are often not fully foreseen and li:d)le to be unsatis- 
factory, as such a .substitution is itself unscientific. The proper 
way to apply a new metal of uniciue properties to a new use is 
to study the service to be rendered and then to devise methods 
of doing the work and to design parts thc'refor such as will 
utilize to the best advantage the superior properties of the new 
metal. Sometimes, however, this is not easily dom*. Never- 
theless manganese steel, because of its proj)erfies, jiresents 
difficulties that are usually best overcome bj' such a plan if 
the highest benefit attainable from its u.se is to be gained. 

It is a well-established rule that manganese steel resists 
admirably abrasion under slow speeds of imi)act, as in Blake 
crushers, rolls, gyratory cru.shers, and similar machines, l)ut 
results in high-speed grinders, such as the various centrifugal 
mills, are, if not poor, at least such as will not often warrant 
the expense of manganese-steel wearing parts, especially if .such 
parts require some finishing, which must be done by slow and 
expensive grinding. In accordance with the same rules mangan- 
ese steel makes good car wheels that are to run at slow speeds, 
such as on mine cars, but it is unsatisfactory in wheels used on 
railway cars that are run at high speeds. 

For railway-track work manganese-steel cast frogs, switches, 
curved rails, and other special work are most excellent and they 
are extensively used. 

The properties of the metal were early seen to make it an 
ideal material of which to make burglar-proof safes and vaults; 
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that is, it is too hard to be cut, and too strong to be broken 
even by considerable charges of dynamite and nitroglycerine. 
It has now been employed for this purpose some 15 years and 
no genuine manganese-steel safe has yet been opened by burg- 
lars, though a few have been attacked. Burglars have learned 
the futility of their efforts to rob such a safe. 

The nonmagnetic jn-operty of manganese steel has found an 
impt)rtant use in the cover plates of lifting magnets for handling 
heavy iron and steel articles where it is subjected to hard blows 
from the iiieces jumping to meet the magnets. It offers little 
or no obstruction to the passage of the magnetic attraction. 
It is also used in the structure about the compasses on some 
ships because it does not affect the compass needle. This use 
may become im]H)rtant. 

On the magnetic survey yacht Carnegie of the Carnegie 
Institution, which is built wholly of wood, bronze, and other 
nonmagnetic materials, manganese steel, because of its non- 
magnetic iiroi^erty, is used in the grate and other parts of the 
gas producer which were necessarily made of steel. 

IIOT-VVORKEl) MANGANESE STEEL 

Manganese steel is, like simple steel, or even more so, im- 
proved in its physical properties by hot working (forging or 
rolling). Cast test pieces usually give misleading results because 
01 im[)crfections due to casting. To cut out of the solid and 
finish by grinding a test piece of cast manganese steel is expen- 
sive, and when done the piece is liable to be so imperfect as to 
give practically valueless information. In this respect, how- 
ever, it is like many other cast metals. 

A steel that cast and heat-treated may show a tensile strength 
of 80,000 pounds per square inch with 20 per cent elongation 
may have, when well worked by forging and rolling and then 
heat-treated, a tensile strength of 140,000 pounds per square 
inch and 50 per cent of elongation in 8 inches. 

The first commercial use of manganese steel was in dredge 
pins for chain bucket dredges, which were forged from square 
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ingots in 1889 or 1890 by Haclfield at ShclTiekl. The greater 
ease of casting the metal, however, led to the employment of 
castings wherever they could be used. The records made by 
castings have stimulated in recent years the jiroduction of rolled 
pieces, particularly rails, plates for chute linings, and screens 
for crushed stone. A beginning has bc;en made in the use of 
forged manganese steel for purposes for which its great strength 
and ductility (its merit number) and the consequent margin 
of safety it affords make it particularly reliable. Its use in spring 
hangers on locomotives is an e.xample. Cold working such as 
stretching or cold rolling rapidly raises its tensile strength and 
elastic limit but destroys most of its ductility. Cold-rolled 
manganese steel on test has shown a tensile strc-nglh of 250,000 
pounds per square inch and an elastic limit of 250,000 j)ounds. 

For screening coke woven screens of manganese-steel bars 
are giving a promise of life a hundred times as great as that of 
screens made of the soft simple steel usually used for this pur- 
pose. Coke rapidly wears away metal on which it impinges, 
as though it were composed of or contained many minute 
diamonds. 

The high electrical resistance of manganese steel would no 
doubt lead to its general use as a resistance material in the form 
of wire, for which it has been tried, were it not that its hardness 
makes drawing it into wire too costly an operation. Its elec- 
trical properties are good for this purpose, its .specific resistance 
running from 65 to 75 microhms per cubic centimeter. 

Agricultural implements made largely of rolled plates, such 
as shovels and hoes, offer a most inviting field for the use of 
manganese steel, especially for kinds of service in which the 
plates are used up by wear. If the service is such that they rust 
or corrode much more than they wear, tools made of simple 
steel may be as good. This field is now being entered. 

The largest demand for hot-worked manganese steel is in 
rails for railroads. The rails are rolled on ordinary rail mills 
and are heat-treated by being quenched immediately after 
rolling. The service rendered by the rails is excellent and their 
use is extending. Some railroad men think their durability at 
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least five times that of ordinary rails. Their value to the rail- 
roads is not, however, as great as their service compared with 
that of simple steel rails as the interest on the extra price and 
the relatively small value of the scrap when they are worn out 
tell against them, though the saving in the cost of laying is in 
their favor. 

Perforated plates of manganese steel for screening ores, 
crushed stone, and other mineral products are promised, but 
special punching machinery is needed to punch the holes, as 
they probably must be punched at a much slower speed 
than that at which simple steels are punched. 

CONCLUSIONS 

The economics resulting from the use of manganese steel 
in its various fields of service have been great. Perhaps the 
most conspicuous example of its use was in connection with 
the Panama Canal, where years of time and millions of expense 
were saved by its use. 

The promise of usefulness because of its great tensile strength 
and more remarkable ductility, there is ground to hope, may in 
the near future be fulfilled. 
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SIMPLE NICKEL STEELS 

Nickel steel was chronoloKk'ully the fourtli alloy steel to 
be introduced, it having been in use htr 25 years, and the steels 
to which nickel is added aggregate a large tonnage. In 1013, 
including the nickel-chromium steels as well as the simple 
nickel steels, the total amount of steel produci'd to which nickel 
was added was about 150,000 Urns in the ladle, of which about 
50,000 tons was simide nickel steel. 'I’he hekl for the latter is 
being steadily narrowed by the substitution of the cheaper or 
better nickel-chromium steels. 

The useful nickel-iron alloys range, with large intervals, 
from 2 to 46 per cent of nickel, a greater comi)ass than is cov- 
ered by any other clement alloyed with iron. 'Fhe addition of 
less than 2 per cent of nickel alone docs not seem to give enough 
benefit to make the addition worth while. 

Nickel in untreated ordinary nickel steel raises the tensile 
strength, and in a greater i>ro[>ortion the elastic limit for a 
given content of carbon without decreasing the ductility. 

Nickel steels with the different percentages of nickel present 
about the same range of internal microscopic structures as do 
manganese-iron alloys. With low-nickel content, as in the 
great bulk of nickel steels made, the unhardened steel is iiearlitic. 
Higher nickel content gives martensitic structure and still 
higher austenitic. Certain steels with each of these structure.s 
find uses as is noted in subsequent pages 

MANUEACTURE OF SIMPLE NICKEL STEEL 

Nickel steel is made by any of the steel-making j>rocesses, 
but most of it is produced in the open-hearth furnace. The 
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operations are similar to those followed in the production of 
simple steels, the nickel being either in the materials of the 
original charge or added in the metallic form at any time long 
enough before the heat is cast for the nickel to be melted and 
thoroughly mixed with the metal of the, charge. Nickel is 
negative to iron at steel-melting temperatures and the iron 
protects it from oxidation and even reduces it from its oxide 
so that it is not wasted to any considerable extent in melting 
or working even when iron ore is added to the bath. On the other 
hand it does not deoxidize the metal or decompose carbonic 
oxide or keep the hydrogen and other gases in solution. It is 
not added, therefore, for curative purposes, as it gives no aid in 
rendering steel sound, or free from holes. In fact, nickel steel 
is prone to have' seams and surface defects after it has been 
rolled, which is one reason against its wider use. The service 
of nickel is merely as an alloying clement, to improve the 
physical properties of the finished steel either in its natural or 
heat-treated condition. 

As might be expected from an alloying metal whose atomic 
weight, specific gravity, and fusion point arc so near those of 
iron, nickel does not segregate much as the steel solidifies, and 
is claimed to hinder in some degree the segregation of carbon and 
the other less metallic ingredients. A reasonable explanation of 
this action of nickel on the other elements has not yet been 
established. 


WORKING OF SIMPLE NICKEL STEEL 

Ordinary simple nickel steel (3 to 4 per cent nickel) is worked 
hot by the usual forging and rolling operations much as simple 
steel is worked. The higher nickel steels are more difficult to 
work, having narrower ranges of temperature at which they may 
be hot-worked without showing signs of red-shortness. In the 
ordinary grades seams and adhering scale give some trouble. 

Although molten iron protects molten nickel from oxidation, 
as stated, iron can not protect nickel from oxidation in scale 
^formed on nickel steel, as in the heating furnace. The scale 
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formed sticks much more firmly to the metal than that of simple 
steel, both hot and cold, and requires particular measures for its 
removal. Articles such as plates, having large Hat surfaces 
from which the scale can not escape even if loosened by such 
means as rolls or the flat dies of the forging press, are sometimes 
cleaned cold by electrically driven machines which break up 
the scale by a shower of blows with chisels or hammers. A 
round article is much more satisfactorily cleaned of scale l)y the 
forging operation, as the metal is worked while not in contact 
with the dies, and the scale is thereby loosened and falls oil. 
The scale naturally escapes more easily from the under side 
of a rolled plate than from the top in rolling, and some mills are 
equipped with apparatus for turning the plate bottom up 
before it is finished, so that the scale which has been repeatedly 
loosened and then rolled in again by the rolls can droj) off when 
loosened from the under side. 

Steels containing useful quantities of nickel are liable to con- 
tain scams that appear as dark-colored lines in the nielid. The 
scams doubtless come, sometimes at least, from ‘bskin’’ gas 
holes which become oxidized on their walls, and, although such 
oxidized holes will, if present, form seams in any sttjcl, they 
seem to persist more in nickel steel because, perhaps, the nickel 
prevents the welding of such holes, as may happen with holes 
in simple steels if they are squeezed together while hot enougli 
and the walls are clean and not oxidized. A hole near tlie sur- 
face in nickel steel might conceivably, therefore, be drawn 
out and the slit formed be opened to the air by the hot work- 
ing, then oxidized on its inner surface, and form a seam, when 
a similar hole in simple steel would be welded and therefore 
not form a seam. Nickel-steel ingots should therefore be made 
sound and free from gas holes. It is held by some persons that 
seams develop in rolling without being caused by gas holes, 
and that this tendency is lessened by rolling at a high tem- 
perature, about 1,300° C. (2,372° F.). 
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CENERAL CHARACTER OR NICKEL STEEL USED FOR STRUCTURAL 

PURPOSES 

The great bulk of simple nickel steels contain from 2 to 4 
per cent of nickel, a proportion that affords the most suitable 
physical properties for nearly all structural purposes, and the 
nickel content usually aimed at in steels for structural purposes 
is 3.25 per cent. This grade might be called ordinary nickel 
steel as it is usually meant when nickel steel is mentioned with- 
out further, specification. It has high value for structural pur- 
poses such as bridges, gun forgings, machine parts, engine and 
automobile parts, and any similar hne of service that is too 
severe for simple steels. 

The bridges in which it is used are particularly those of great 
span, and it is nearly always used in the natural or annealed 
condition when the additional strength and ductility imparted 
is that due to the mere presence of nickel in the metal. Impor- 
tant quantities arc used in the Queensboro, Manhattan, St. 
Louis Municipal, and Quebec bridges, and the Kansas City 
viaduct. Some nickel-steel tension bridge members have been 
heat treated by heating and quenching, being immersed in water 
edgewise with the longitudinal axis horizontal, and afterward 
drawn back by a second heating to give an elastic limit of 55,- 
000 pounds per square inch, a rather low figure. A relatively 
low percentage of nickel, or about 2 per cent, is sufficient to 
afford steel with such a property, when heat treated. 

The use of nickel steel in bridges saves some weight, a detail 
of importance in such bridges as those mentioned, but when the 
span is moderate a bridge of simple steel is perhaps as good and 
is less costly even though it contains considerably more weight 
of metal. 

Steel with 2 per cent of nickel is used in seamless tubes such 
as- are used for bicycles and for other equipment requiring a 
high-grade tube. They are not heat treated, but higher proper- 
ties than those of the steel in its natural state are imparted 
by the cold-drawing operations by which these tubes are finished. 
'I'he ordinary grade with 3.5 per cent nickel is used in cannon. 
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being always heat treated for this use. It is also used in many 
automobile parts, the variety of high properties obtainable in 
it by modifying its heat treatment rendering it fit for almost 
any service demanding a strength and security from breakage 
that a simple steel will not. meet. 

In some large dynamos the revolving fields are connected 
by nickel-steel rings having 3 per cent nickel,* the metal being 
particularly well suited for the purpose both by its strength 
and its magnetic efficiency, the permeability being high and 
the hysteresis losses low. 

CHARACTERISTICS OF DIFFERENT NICKEL STEELS USED IN RAILS 

Nickel-Steel rails usually having about 3.5 per cent of nickel 
have been tried by many railroads and are generally considered 
unsatisfactory, though small lots are still being made chiefly 
for use in tunnels and other unusually wet or damp places, both 
for their ability to resist rusting and for safety from breakage. 
Their price is nearly twice tliat of simple steel rails and they 
sometimes give three times the service, but their average life 
has been much less than that. One lot of Bessemer nickel- 
steel rails which gave between one to two times the service 
of simple Bessemer steel rails wore unevenly, and the metal 
flowed over the side of the head on the curve so that it was 
finally detached in thin splinters, some of which were 3 or 4 
feet long. The rails from the upper parts of the ingots were more 
unsatisfactory than those from the bottom, and though the 
ingots were not examined for their soundness it seems evident 
that their upper parts were infested with blowholes as well as 
pipe, and that none of the holes or pipe were welded up in rolling, 
as the effect of nickel in hindering welding of steel is well estab- 
lished. 

Properties of Ordinary Nickel Steel 

The properties of ordinary nickel steel are given below. 
All the samples consisted of small test pieces, and elongations 
were measured on 2 inches except as noted. 
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One per cent of nickel in ordinary nickel steel in the natural 
state raises the tensility about 6,000 to 8,000 pounds i)er square 
inch. 

The tabic shows that ordinary nickel steids may be so made 
as to have a wide range of properties that make them suitable 
for any structural purposes for which tlu'y are not tot) c'xpensive. 

The properties of one grade of nickel-steel castings made for 
special pur[)Oses arc as follows: Composition, C 0.20 per cent, 
Mn 0.50 per cent, Si 0.35 per cent, Ni 2.50 per cent; tensile 
strength, 85,000 pounds per sciuare inch; elongation, 25 per 
cent; contraction, 40 per cent. 'Phis steel was not given treat- 
ment involving quenching, l)ut was merely annealed. 

Steel containing 5 to 8 per cent of nickel presents a sort of 
critical point, that proportion being tlie lowest at which, with 
the usual range of carbon, the structure is all martensitic and 
consequently very hard, the martensitic state being eiiuivalent 
to the hardened state of simple steels. Such steel is dilllcult 
to work hot or cold, but can be rolled if proper care is used. 
It finds some usefulness in places where great resistance to shock 
is required, particularly in tliin shield plates about 0.15 inch 
thick which are u.scd on one side of the caisson of field artillery 
to protect the ammunition, arid the men who serve it, from 
rifle fire. A sample analyzed for “'Pests of Metals’’* gave the 
following composition in percentages: C 0.42, Mn 0.49, Si 
0.26, S 0.02, P 0.02, Ni 6.68. 

The content of carbon determines the minimum amount of 
nickel which must be iiresent to make the steel wliolly martensi- 
tic. Thus if the carbon content is low, about 0.20 per cent, 8 
per cent of nickel is required, w’hereas if the carbon content is 
about 0.80 per cent the steel is martenistic when tlu-re is 5 
per cent of nickel contained. The analysis given last above 
represents martensitic steel. 

Guilletf gives the properties of a similar steel, with 6 per cent 
of nickel and 0.38 per cent carbon, as follows: 

* Report of the tests of metals and other materials for indtistriul purjxiscs, 
1907, War Department, 1908, p, 42. 

t Guillet, Lfion, Nouveaux e.sstus au choc a tfmipcrauirc variables; Rev. mf:t. 
t. 7, October, 1910, pp. 837-844. 
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PROPERTIES OF NICKEL STEEL CONTAINING 6 PER CENT OF 

NICKEL 


Condition. 

C 

Ni 

Tensile 

Strength. 

Elastic 

Limit. 

Elonga- 

tion. 

Contrac- 

tion. 

Shock. 


Per Cent 

Per Cent 

Pounds 

Pounds 

Per Cent 

Per Cent 


Annealed 

0.38 

6.0 

113,760 

99,540 

20 

65 

30 

Air hardened at 








850° C 



177,750 

156,420 

II 

53 

19 

Quenched in water 



199,080 

177,750 

10 

' 50 

17 


He does not say whether this steel was martensitic, but the 
high elastic limits indicate that it was probably largely so, 
even in the annealed condition. 

Steel with 8 per cent nickel has one transformation point 
at 510° C. (950° F.) where points Ari, Ar2, and Ara are all merged 
into one. Eight per cent is the highest useful content of nickel 
in nickel steel that is amenable to ordinary annealing and quench- 
ing operations. Hardening by quenching does not occur in 
steels containing 10 per cent or more of nickel which are on the 
contrary softened by heating and quenching. 

NICKEL-IRON ALLOY DISCOVERED BY ARNOLD AND READ 

The 13 per cent nickel-iron alloy with 0.55 per cent carbon 
discovered recently by Arnold and Read* is noteworthy as it 
seems to possess the highest strength of any of the nickel steels. 
It is so hard as to be unmachinable and the investigators men- 
tioned were not able to drill it even to get some drillings for 
analysis, the composition mentioned being what they aimed 
at when making the steel. It has a yield point of about 134,000 
pounds per square inch, a tensile strength of about 195,000 
pounds, with 12 per cent of elongation in 2 inches. This gives 
a merit figure of about 2,300,000, which is very high for such 
a hard steel, though it does not compare with the 7,000,000 
of forged manganese steel. Steel of this composition might have 

Arnold, J. O., and Read, A. A., The chemical and mechanical relations of 
iron, tungsten, and carbon, and of nickel, iron, and carbon: Proc. Inst. Mech. 
Eng., March-May, 1914, pp. 223-279. 
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been expected to show maximum strength as a result of Had- 
field’s experiments,* though he did not include this grade in 
his series of samples. He found that low-carbon steels with 
11.4 and 15.5 per cent of nickel each had a tensility of 210,560 
pounds, which was more than was posses.sed by the steels next 
above and below. The curve therefore should have reached a 
maximum between them with a nickel content of al)out 13.5 
per cent. 

Arnold and Read’s steel should, of course, have a higher 
tensility, or about 215,000 pounds, to harmonize' with Had- 
field’s, and further tests are needed to establi.sh the exact path 
of the curve. Arnold an<l Read note that the composition of 
this steel nearly corresiionds with the formula h'erNi. With 
such properties as it posses.ses this steel is likely to find at least 
a limited field of usefulness. 


PROPERTIES OF DIFFERENT STEEI.S IIAVINO DIFFEKIvNT PERCENT- 
AOES OF NK'KEI, 

Before Arnold and Read’s discovery of the 13 {ler cent grade, 
15 per cent nickel steel was thought to have the greatest strength 
of all the nickel steels— that is, in the natural state. 'I'his variety 
has been employed in a few instances for shafting and similar 
service for which other steels failed, Imt the amount of it used 
is negligible in statistics. It is hard to madiine, and heating 
followed by slow cooling does not soften it, though heating and 
quenching does enough to allow it to be machined slowly. It 
has a tensility of about 170,000 pounds an<l an elastic limit of 
150,000 pounds per square inch, according to one ob.server, 
though, as stated above, Hadfield obtained 210,560 pounds 
tensility, with little ductility. It is likely that the properties 
desired when this steel was used, particularly its ductility, 
could now be surpassed by the much cheaper heat-treated ordi- 
nary nickel or nickel-chromium steels. 

Eighteen per cent nickel-iron alloy, although not useful, is 

* Hadfield, R. A., Alloys of iron and nickel: Proc. Inst. Civ. Eng., vol. j.tS, 
1899, PP- 
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worthy of note here because of its anomalous action (according 
to Sexton and Primrose*) when cooled from 200° C. (392° F.). 
At first it contracts uniformly until its temperature falls to 130° 
C. (266° F.)- Then it expands while cooling to 60° C. (140° F.), 
when it again contracts as the temperature falls. 

Twenty-two per cent nickel steel is used when resistance to 
rusting or corrosion is desired. A noted example is the valve 
stems of the salt-water fire-protection service of the city of 
New York where the apparatus may not be allowed to become 
inoperative or hard of action from the formation of rust. It is 
also used sometimes for the spark poles in the spark plugs of 
internal-combustion engines, including automobiles, though 
commercial nickel wire is more commonly used. 

High-nickel steels having 25 per cent or more of nickel and 
low carbon content (about 3 per cent) are austenitic in structure 
and in the natural state are softer and tougher than the medium- 
nickel martcnistic steels. 

High-nickel steel containing 24 to 32 per cent nickel in the 
form of wire is used for electrical resistance in small quantity, 
probably between 5 and 10 tons per year in this country. 

The analysis and resistance of samples of Krupp nickel- 
steel resistance wire are shown below. This wire is used in elec- 
tric toasters, cookers, irons, and similar devices. 


ANALY.SIS AND RESISTANCE OF SAMPLES OF KRUPP NICKEL-STEEL 
RESISTANCE WIRE 


Sample No. 

C 

Mn 

Si 

S 

P 

Cr 

Ni 

Specific 
Resistance 
per Cubic 
Centimeter. 


Per Cent 

Per Cent 

Per Cent 

Per Cent 

Per Cent 

Per Cent 

Per Cent 

Microhms. 

X 

0.52 

0.75 

0. 10 

0.03s 

0.024 


30.6 

87.9 

2 

1 

•39 

1 .00 

•70 

■03s 

.025 


24.2 



Steel with 27 per cent of nickel is used in bits, stirrups, and 
spurs in riding harness because of its resistance to rusting. It 

* Sexton, A. H., and Primrose, J. S., The metallurgy of iron 
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will nevertheless rust slowly at ordinary temjx'rature under 
conditions that stronj^ly induce oxidation. 

Steels containing more than 24 {)er cent of nickel are jirac- 
tically nonmagnetic in their ordinary condition, a rather remark- 
able fact when the high magnetic .susceptibility of both iron and 
nickel alone is considered. 'I'he exj)lanation that the critical 
point marking the change from the nonmagnetic to the mag- 
netic state of iron is lowered by the nickel from about 700" C. 
(1,292° F.) to below ordinary atmospheric tempe-ratures is, 
no doubt, sound as far as it goes. When 25 per cent nickel steel 
is cooled to —40° C. (—40" F.) it becomes magnetic, and 
retains its magnetism at ordinary atmospheric temperatures. 
On being heated to 580” C. (1,076" F.), however, the alloy reverts 
to the nonmagnetic state, 'rhis separation of (>20" ('. between 
the critical points marking the magnetic states in heating and 
cooling is great in comparison with the 25'’ to 50" C. of .simpk; 
steels, and because of it this steel is classed as irreversible. 

, The nonmagnetic <[uality of high-nickel steels is not utilized 
chiefly because of its capacity fur becoming magnetic, as <lescribed 
above, for if it happened to Ire cooled enough to make it mag- 
netic it could not in most cases be easily demagnetized. 

The fact that high-nickel austenitic steels liava- ;i .somewhat 
lower modulus of elasticity than the low-nickel or simple sti'els 
does not affect their value for the uses made of tliem. 'rhe.se 
steels also have low clastic limits, though tliey are tough and 
show up well in the shock test. Neverthelc-ss they are generally 
used not because of superior physical proirerties, but because 
of their resistance to rusting and corrosion or their electrical 
resistance. With a carbon content of 0.25 to 0.30 per cent and 
32 per cent nickel they arc usetl in valves for gasoline motors 
with good results. 

Nickel steel with 30 per cent of nickel is u.sed in boiler tubes, 
particularly in marine boilers, for which it is admirable. 'I'hese 
tubes are in the natural, not heat-treated state. 'I'hey rr-sist 
corrosion better than simple steel tubes and last three times as 
long. Hence their use is sometimes economical in spite of the 
much higher cost. 
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INVAR 

The 36 per cent nickel steel known as Invar is used to the 
extent of iierhaps a few hundred pounds a year in clock pen- 
dulums, rods for measuring instruments, and such parts for 
which its exceedingly slight expansion and contraction when 
heated and cooled within the atmospheric range gives it a par- 
ticular value. Nevertheless, its coefficient of expansion, even 
though small, is not negligible, and compensating means must 
be used in Invar dock pendulums and in the Invar balance- 
wheels of watches. A watch with an Invar balance-wheel varied 
20 .seconds per day during a temperature change of 40° to 90° F., 
the usual test change, a variation too great for a good watch. 
Some Invar has as low a coefficient of e.xpansion as 0.0000008 
per (U'gree C., and samples have been made that con- 
tracted slightly when warmed. The coefficient given indicates 
an expansion of 0.05 inch in a mile per degree C. 

When Invar is heated to about 300° C. (572° F.) and higher 
its coefficient of exiiansion is greatly increased and its lack of 
expansion at ordinary temperatures appears to be merely a 
belated and n<»t <lestroyed function. With excessive cold there 
is likewise a resumiition of contraction. 

PLATINITE 

Forty-six per cent nickel steel with 0.15 per cent carbon 
known as platinite, has about the same coefficient of expansion 
as {ilatinum and glass and for that reason may be imbedded in 
glass without breaking the latter by a difference in expansion. 
It has been used in leading wires in the glass bases of electric 
incandescent lamp bulbs as a substitute for platinum, which 
was formerly held to be indispensable. In those lamp bulbs 
the preservation of the vacuum is necessary and the joint between 
the wire and glass must be kept tight. Platinite has not been 
found wholly suitable for this purpose and is not now so used, 
a compound wire with a 38 per cent nickel-steel core encased in 
copper and sometimes coated with platinum being now generally 
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employed. The nickel-steel core, if free, will expand less than the 
glass and the copper more, so that each resists the other, and 
the wire as a whole will have the desired rate of expansion. About 
2 tons of nickel steel per year is used in this wire. 

Many other alloys of iron and nickel have been studied by 
Guillet and others.* In fact the whole range has receiv(‘d more 
or less thorough attention, and much knowknlge of scienthic 
value has been gained concerning the varieties that st) far have 
not found useful ai)plication. 
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NICKEL-CHROMIUM STEELS 

Nickel-ciiromujm stwls. known in tlu* trade as chrome- 
nickel steels, are perhajis the most important of the structural 
alloy steels. Their lieltl of usefulness is continually being en- 
larged by their application for nt'w purposes and alsct by imcroach- 
ment on the promises of some of the other .alloy steels, notably 
of simple nickel steel, and they have almost wholly displaced 
nickel-vanadium and nickel-chromium-vanadium steels, which 
several years ago were in some considerable demand. 

The amount of nickel-chromium steels produced in 1913 
was thought to be about 100,000 tons of ingots, ;dl madt- in the 
open-hearth furnace with the excepti<m of 2,000 or 3,000 tons 
melted in crucibles and electric furnaces, 'riie stetd is made by 
10 or 12 companies, 2 of which make it at several diflerent 
plants. 

Nickel-chromium steels are seldom u.sed in any but a heat- 
treated condition. By suitable tretitment jrieces of small mass 
can be made to have as high physical properties us any steels 
known, with any elastic limit between 40,000 and 250,000 
pounds per square inch, accompanied by ductility that is high 
as compared with its strength, as the ductility naturally lessens 
as the elastic limit increases. 

Nickel-chromium steels can be made somewhat more cheaply 
than simple nickel steel of the same strength and ductility con- 
taining a smaller total of the alloying elements, and chromium 
is less costly than nickel. 

COMPOSITION AND PROPERTIES 

The upper limit of nickel in useful chrome-nickel steels is 
about 3.5 per cent, and all useful steels of this class arc pearlitic 
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according to (duillcl.* Acconliiig tu the same autliority. when 
a chrome-nickel steel is easehardeiuai. tlu' case is harder than 
that of a simple- nicke-l stee-l. 

Some of the defects and trouliles of chrome niekel steels are 
like those of simple nickel steels previously considered. 

The composition and proiierties <if six nickel chromium 
steels in the natural or untreated state are giv<-n in the tat)le 
following: 


coMi’osrrioM and i'Rdi’Kki'ii'.s (if nickfi. ('iikomipm stfkls 
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Sample 4 is from a plate similar to that used in the mast 
of the yacht Vanilie. It was not heat treated, hut was used as 
rolled. 

Samples 5 and 6 represent the .same stec-l and show the rela- 
tive properties of the small test piece and the full size eyehar 
for a bridge the .st;ction of which was 14 by 2 inches. I'he dif- 
ference in elongation is particularly noticeable, the great local 
stretch near the point of rupture being only a small part of the 
total length of the bar. 

The compo.sition and projH*rties of six niekel chromium steels 
in the heat-treated condition were a.H follows: 

* Guillet, L 6 on, Aciersi nickel rhronie: gev. »te mSt., t. 4, ic)o 6 , pp. 463-484. 
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COMPOSITION AND PROPKRTIKS OF NIORICL-CTIROMULM STEELS 
IN iULVr-'FREATEl) COXUriTUN 
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Any one of the iirsl three samples eoiikl he j^iven substan- 
tially the proi)erties of cither of tlu‘ other two by varying the 
temperature of the second heating. 

Most of the nickel-chromium steel goes into armor plate, 
projectiles, and automobile parts. 

USE IN AUTOMOBU.KS 

For automobiles- and the practice might 1 h^ advantageously 
extended to other fields three grades of nicktd clironuum stead 
are used. They are called low, medium, or liigh ac*cording to 
their contents of nickel and chromium. carbon conttait 

may be varied for each grade within the limits shown in the 
following table: 

COMPOSITION OF NICKEL-CHROMIUM AUTOXtOBIIJ*: SHa'J.S 


Grade. 

C 

Mn 

Si 

. 
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0.04 

I . 25 
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.04 1 

1.75 
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These steels are almost invariably heat treated for use in 
,utomobiles, a wide range of proj)erties being attainable by 
-arying the heat treatment with each steel. The properties 
‘Verlap those of steels of both harder and softer grades, so that 
wide choice of properties is afforded as well as a choice of steels 
or the set of properties desired. 

USE m AUMOR PLATE 

An important use for chrome-nickel steel is in both thick 
nd medium armor plate for war vessels. The thick heavy side 
rmor, 6 to 14 inches thick, is face hardened by the well-known 
iiethods. A recetit analysis of the body of a plate gave: C 
i.44 i)er cent, Mn 0.42 [Ha- cent, Si 0.06 per cent, S 0.03 per cent, 
' 0.014 per cent, .\i 4 i)er cent, Cr 2 per cent, and its tensile 


Toperties after treatment were: 

Trnsik* strrnnth, poutulH pvv stjuarc inrh 101,000 

Klaslir limit, lunuuls jht .s({uan’ iiuh 77)500 

Klongatitm in ** iiu lu's, per tcTit. 24 

Ctmtnulion ami, prr uTit Po 


I'he results from such a gri'ut mass of metal were excellent. 

Medium armor, l)etween 3 to 5 inches thick, is rather similar 
1 composition. It is not face hardcaied, but is given high 
roi)erties as a whole by the heat trejitment to which it is sub- 
•cted. An analysis lately made gave: C 0.30 per cent, Mn 
.34 per cent. Si 0.13 per cent, S c 03 i)er cent, P 0.03 per cent, 
a 3.66 per cent, ('r 1.45 per ccr.i. 

Its physical properties were those given below as sample i. 
ample 2 repre.sented another chrome-nickel steel made for 
he same purpose, containing 3^ per cent of nickel. 

Sample i. Sample 2. 


Tensile Htrengtli, pounds ptT sfituin* inch.. . tic),ooo 138,000 

Khistir limit, pcmmls per scjuare inch. 106,000 119,000 

KlonKiition in 2 inches, per cent 22 22 

Contraction t>f area, per cent, 61 49 


Such steel is most excellent for use on warships to form pro- 
ective decks and harriers to i>rotect from secondary battery 
re. Chrome-nickel-vanadium steel is also used for this pur- 
ose, as noted elsewhere. 


tJSK IN PROJKCTILKS AND IN RAILS 


Nickel'-chromium steel is used in the inauufueture uf most 
armt>r“piereing projeetiles. 

Cmhillo* cites a steel for projectiles, having 0.48 |hc vvnl (\ 
0.58 per cent Mn, 0.75 per cent O, 2.55 jier etail Ni, 0.40 [)er 
cent Si, 0,04 per c'ent l\ A test piece ([lu^nched in oil and tem- 
pered had an elastic limit of 120400 pounds per sciuare inch, a 
tensile strength of 150400 pounds per stiuare inch, and an 
elongation of 19 per cent. 

For large projectiles (iirodf prehes chroniium-timgsten 
steel having 0.50 per cent C, 4 per cent Ni, o to 1.5 per cent O, 
and 0.25 per cent W. 

It is curious that nickel is considered to impri^’e the cfuality 
of shot, although generally held to injuri' the <[uality of liigh- 
speed tool steels. In use there seems to he a |)arallel htivveen 
the requirements of the two, except for the imiH>rtant ami vital 
difference as to the rectuired sp(*ed at wlu(*h they rt^spiadively 
meet the metal to he penetrated, d'he speed of impact of ihv 
shot enables it to enter when no amount of jiressure will i*ffiHl 
the same result. 

Chrome-nickel steel rails having 2 per vvni of nickel and 
0.7 per cent of chromium have been tried by several railroads, 
but with unsatisfactory results. They resisted w<‘ar well as 
compared with simi>lc steel rails, hut broki‘ l>adly hotli Irans™ 
versely and lengthwise, so that they wtee considered unsafe 
and consequently were removed. They were made by the 
Bessemer process and were not heat treated. 

DETAILS OF MANUFACTURE OF A SPEtTFK' PIECE OF NICKEL- 
CHROMIUM STEEL 

Following is a description of the manuiacture of a large 
shaft of mild chrome-nickel steel for marine purposes. A cor- 

*Cubillo, L., Armor-piercing projedilcH: Jour. Iron and Steel Inst., n)LL 
p. 251. 

t Girod, P., Discussion of paper on armor-piercing projectiles; Jour. Iron and 
Steel Inst., 1913, p. 252. 
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xugated 35-ton ingot 45 inches in diameter was made of basic 
open-hearth steel having 0.24 per cent C, 0.70 per cent ]^In. 
0.013 per cent P, 0.015 per cent S, 0.18 per cent Si, 1.60 per cent 
Ni, and 0.32 per cent Cr. A few hundredths per cent of titanium 
was added in the ladle, but did not appear in the steel. The 
shaft when finished was 14I inches in diameter, with an S-inch 
hole through on the center line. 

The steel was melted without the addition of ore late in thc 
heat, a method that favored soundness and tended to allow 
the steel to clean itself of insoluble impurities such as oxides 
and silicates. The ingot was forged, annealed at 866” C. (1590 
F.), bored, rough-turned, heated to 750° C. (1382° F.), quenched 
in oil, and drawn at 593° C. (1100° F.). 

The shaft was merely raised to the drawing temperature. 
593° C., when firing at once ceased, the furnace was closed, 
and the shaft allowed to cool with the furnace. 

The averages of the tests, which were longitudinal, were 
as follows; Tensile strength, 83,300 pounds per square inch, 
elastic limit, 52,500 pounds per square inch, elongation in c 
inches 26 per cent, contraction 60 per cent. The results were 
excellent, though seemingly a lower drawing temp)erature, 
which would have resulted in a higher elastic limit, would ha\e 
been justified. 


MAYARI STEEL 

A so-called natural chrome-nickel steel is now made from 
certain ores mined at Mayari, Cuba. The ores carry enough 
nickel to give 1.3 to 1.5 per cent of nickel, and enough chromium 
to give 2^ to 3 per cent of chromium in the crude iron smtlteu 
therefrom. When the iron is, converted into steel by *e pneu- 
matic or open-hearth processes, the nickel is pracPcauy a., 
present in the steel, but the chromium is of necessity large .> 

w2Lsti6(i bv bcinff oxidized- * » 

steel made m part of Mayari iron to pving 8^ “ 

rrils and particularly in track bolts, which “ 

give the metal an elastic limit of 75,000 poun ^ ^ 

Why these tails are satisfactory when o e 
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steels were not has not been explained. The chief diflterences 
seem to be (i) that these Mayari steel rails have less of the 
alloying elements because Mayari iron is used only in part in 
them, and (2) that the steel is made in the open-hearth furnace. 

The use of steel containing Mayari iron is increasing, and the 
demand is enough to induce the production synthetically of 
steels of the same composition by adding nickel and chromium 
to simple steels in the Mayari proportions. 

The Mayari steels are not included in the estimated quantity 
of the chrome-nickel steels made, as already given. In fact it 
is likely that in the near future the tonnage of Mayari steels 
will surpass that of all the other chrome-nickel steels taken 
together. 


CASTINGS OF NICKEL-CHROMIUM STEELS 

Castings are made also of chrome-nickel steel and may be 
used in the annealed or heat-treated condition. 


COMPOSITION AND PROPERTIES OF CHROME-NICKEL STEEL 

CASTINGS 


Sam-i 

pie 

No. 

Composition. 

Tensile Properties. 

Condition. 

C 

Mn 

Si 

S 

P 

Ni 

Ct 
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Limit. 

Con- 
traction 
of Area. 

Elonga- 
tion in 

2 Ins. 



% 

% 

% 

% 

% 

% 
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% 
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I 

0.30 

0.41 


0.04 

0.03 

3.64 

1 . 49 

91,500 

45.550 

24 

16 . 5 

Annealed 

2 

.33 

• 39 


.04 

.03 

3.58 

1 .6l 

90,500 

46.500 

27 1 

18.5 

Annealed 

3 

.30 

.20 

0.3s 



2.50 

• SO 

110,000 

80,000 

30 

20 

Heat-treated 
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SILICON STEELS 

Although silicon is an ingredient of practically all steels its 
presence is often accidental or unavoidable, and if it is added to 
simple structural and tool steels the purpose is to promote 
soundness rather than to improve the properties of the finished 
steel. In tool steels sihcon is always present, and in times past 
high-silicon steels have been advocated for tools, but they are 
not now so used in a commercial way. 

MANUFACTURE OF SILICON STEEL 

Silicon steels are generally made in the open-hearth furnace, 
preferably on an acid hearth, as the acid slag does not waste 
the silicon in the final additions as rapidly as does a basic slag 
that contains free oxide of iron, and therefore the final content 
of silicon desired may be more closely controlled. 

Silicon in true silicon steels must be added to the charge only 
a short time before teeming, as any oxygen that reaches the 
metal will largely be taken up by the silicon which will be wasted 
by burning to silicic acid (Si02). When so added to a bath in 
proper condition as to temperature and amount of dissolved 
oxygen or oxides the silicon will overwhelm the gases in solution, 
and the steel as cast will be free from blowholes and with a 
maximum tendency to pipe. 

Because of the large proportion of silicon in silicon steels 
and because of the short time allowable after the silicon has 
been added to the bath it should be added in the heated or 
molten State. 

Silicon steels containing about 2 per cent of silicon or more 
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roll very ^^dry/’ that is, they are liable to be cracked by the 
heavy reductions of the first passages through the blooming 
miU. 


PROPERTIES OF SILICON STEELS 

Silicon steel containing 0.20 per cent of carbon may be rolled 
if the silicon content is less than 7 per cent. With 0.90 per cent 
carbon it may be rolled if the silicon is less than 5 per cent. 
With a silicon content higher than 5 per cent the metal is use- 
less.* In structural steels the effect of the silicon is to raise 
the elastic limit to a moderate degree. Silicon lowers the 
coefi&cient of expansion of steel somewhat as nickel does. 

The treated test piece comprising sample 5 was heated to 
954° C. (1,750"^ F.), quenched in water, and drawn at 427° C. 
(800® F.). The hardening temperature of samples 8 and 9 was 
probably about the same as that of sample 5. 

USES OF SILICdN STEELS 

The dividing line between silicon-treated steels and silicon- 
alloy steels is not clearly defined, but the latter are used for 
several important purposes. In structural lines their employ- 
ment is limited, as their properties can, generally speaking, be 
readily equaled or excelled by simple steels. 

The chief structural use of silicon-alloy steel is in springs of 
the leaf type for automobiles and other vehicles. The silicon 
is considered to make the springs' somewhat tougher, so that they 
are less liable to break in service than springs of simple steel. 
In the trade this steel is called silico-manganese steel, though its 
content of manganese is usually no more than is common in 
simple steels and not enough to properly cause the steel to be 
classified as a manganese-alloy steel. 

In electricity, an important use for silicon-alloy steel is in 
the cores of static transformers. With the exception of man- 
ganese most of the elements employed in making alloy steels, 
* Guillet, L6on, Aciers au silicium: Rev. met., t. i, 1904, p. 67. 
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although not greatly decreasing the niugnetic susetplihility of 
the iron that contains them, lower its liyster(‘sis loss. Silicon 
is the element most used for that purpose^ l>t‘caust‘ it is the 
cheapest, but aluminum, phosphorus, nickt‘1 (.pi pea* caait), and 
tungsten have a similar effect. 

The silicon content in silicon transfornua* metal is usually 
between 32 and 42 per cent or, more e.Kactly, 4 to 4I per ctaU. 
Some 25,000 tons was used in 0)13 lor tltis puri)ose. stet‘l 
is rolled into thin sheets which, for on<‘ large' user, art' 0.014 
inch thick; the transformer ct)res are built up of these sheets, 
which are cut to shai)e separately by stamping, h'or low induc- 
tion the permeability of this steel is lu'aiiy as great if not greater 
than that of any other variety of iron or iron alloy kmavn, and 
its hysteresis loss is less than that of any other of lU'arly as low 
cost. 

The results of an analysis of a transfornu*r c'ore madt' of 
silicon-alloy steel arc as follows: C, o.oS per cent; Si, 4.18 
percent; Mn, o.xi per cent; S, 0,06 per cent ; 0.0 1 per cent; 

Al, o.oi per cent. 

Silicon steels can not be ea.se hardt'iied, as the silicon retard;: 
the absorption of carbon; the silicon ctmtent must tlu'ri*forc' 
be low, not over 0.04 per cent, in steel intended to hi* so treated. 
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CHAPTER VIII 


HIGH-SPEED TOOL STEELS 

High-speed tool steels, also called rapid steels, have in the 
past fifteen years worked a remarkable revolution in the machine- 
shop business of the whole world, affording largely increased 
outputs and commensurate lower costs. As a consequence 
they are now being used very generally and in some shops almost 
exclusively for machining iron and steel as well as some other 
metals by cutting operations by machine tools. 

I'hc revolutionary feature wherein tools made of these steels 
differ from and exceed in service the tools formerly used is their 
ability to maintain a sharp strong cutting edge while heated 
to a temiierature far above that which would at once destroy 
the cutting ability of a simple steel tool. Because of this prop- 
erty a tool made of high-speed tool steel can be made to cut 
continuously at speeds three to five times as great as that 
practicable with other tools, and when, as the result of the fric- 
tion of the chip on the tool, it may be red-hot at the point on 
top where the chip rubs hardest, and the chip itself may, by 
its friction on the tool and the internal work done on it by up- 
setting it, be heated to a blue heat of 296° C. (565° F.) or even 
hotter to perhaps 340° C. (644° F.). 

I'his property of red-hardness or ability to retain hardness 
at a red heat may be imparted to steels of suitable composition, 
comprising chromium and tungsten, by a unique heat treat- 
ment to which they may be subjected. This treatment, described 
later, was introduced by F. W. Taylor and Maunsel White,! 
as has been described by Taylor,* at the works of the Bethle-i 

* Taylor, F. W,, On the art of cutting tools: Trans. Am. Soc. Mech. Eng., ^ 
voL 28, 1906, pp. 
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hem Steel Co. in 1899, and tools so treated were shown at the 
Paris Exposition in 1900, where they naturally created a great 
sensation among those familiar with the machining of metals. 
White, when giving the writer his first knowledge of these tools 
in 1899 or early in 1900, said that a young man in the Bethlehem 
shop had lighted a cigarette with a newly cut chip, a statement 
that seemed almost unbelievable at the time. 

In this country in 1913 about 7,000 tons of high-speed or 
rapid tool steels was made by some 15 makers, that output 
requiring about 8,000 tons of ingots. 

MANUFACTURE OF HIGH-SPEED TOOL STEEL 

High-speed tool steels are all made by the crucible or elec- 
tric-furnace process. Except at one works, the crucibles or 
pots are made of graphite. The average life of the crucibles 
or pots varies in different works from six to nine melts. Some 
makers use clay-lined graphite pots in melting this steel to 
prevent or hinder the absorption of carbon from the pot. The 
clay lining is only one-eighth to three-sixteenths of an inch thick 
and is sometimes cut through on the second or third melt; 
in that event the molten steel may absorb too much carbon. 
Other makers use a graphite pot twice — first for melting other 
kinds of steel and then for rapid steel when the inner surface 
of the pot is somewhat slagged over, because of which the absorp- 
tion of carbon is much less than when the pot was new. 

The large producers use gas-fired melting furnaces for heat- 
ing the pots, which are charged into the furnace at the top. 
Each melting hole contains six pots and each pot takes a charge 
of 90 or 100 pounds. The charge is melted and then ^Idlled’’ 
in the usual way by being held 30 to 40 minutes. Such pro- 
cedure, together with the presence of the large amount of alloy, 
regularly gives sound piping steel. If run continuously a fur- 
naceful of pots will be melted about every four hours. 

In packing a pot with a charge for rapid steel the tungsten 
must be placed on top of the charge — as with simple tungsten 
steel — to guard as far as possible against the tendency of the 
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tungsten to settle becimse of its high specific gravity. That 
tendency seems to be less with the rapid steels than with the 
simple tungsten steels. Whether the chromium of the former 
inlluences or hinders the settling of the tungtsen is conjectural. 

The smaller ingots, which arc made from one pot of steel, 
vary from 3! to 5 inches sejuare. The steel is sometimes teemed 
directly into the mold by hand-pouring, but in some works clay 
funnels are placed on top of the mold to direct the stream down 
the center of the mold to avoid cutting its wall, as might happen 
if the stream imj)inged on it. Funnel pouring is also advantageous 
when two pots are to be. combined to make a larger ingot, as 
the steel can be poured into the funnel from opposite sides at 
tin; same time, a i)rocedure that will mix the liquid steel and 
giv(.‘ a more uniform ingot than when one pot follows another, 
as in hand-[)ouring when no funnel is used. 

Some of the larger producers of rapid steels use for casting 
a large bottom-pouring ladle into which the steel is poured 
from the pots of one or more furnaces, and from which the 
ingots are t<)i)-cast; that is, the molds are filled from the top. 
'I'his method presents the advantages that (i) the product is 
more uniform; (2) individual pot charges, which might not be 
of the prescribed composition or might be otherwise unsatis- 
factory, are merged with the others without detriment to the 
whole; (3) large ingots are easily made; (4) one analysis serves 
for the whole' number of pots; (5) one test serves for tlie whole 
ladleful of steel. It is a matter of experience that complaints 
from customers became much less frequent after the introduc- 
tion of the ladle for casting this steel. 

'I'he strong tendency of rapid steel to pipe is checked con- 
siderably in most plants by the use on each ingot of a hot “doz- 
zler,” which is a clay ring preheated red hot, that is placed on 
the ingot top and filled with molten steel. This arrangement 
keeps the top of the ingot molten long enough so that the pipe 
is of diminished size and nearly or quite all contained within 
the part of the ingot surrounded by the dozzlen The propor- 
tion of the ingot to be rejected on account of the pipe is there- 
fore much decreased. The molds%e usually closed at the 
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bottom end and are either made with parallel walls or tapered 
so that the ingot is larger at the top than at the bottom. The 
molds must be split when the walls are parallel, and are some- 
times split when the ingots are tapered. 

High-speed tool steel as cast has a coarse structure and dark 
color as compared with the structure and color of simple steels 
of the same carbon content. A corner is broken from the top 
of each ingot, to show the grain, and the ingots when hand- 
poured directly from the pots are classified by the eye as in the 
production of simple crucible steels. If the ingots are cast from 
the large ladle a test is taken for analysis which- determines the 
disposition of the whole ladleful of steel. 

As a rule the ingots show a strong columnar structure or 
arrangement of crystals whose axes are normal to the cooling 
surface. Some makers refer to the structure as a 'demon 
structure,’’ the crystals of the metal being thought to resemble 
the cells forming the pulp of a lemon. If the casting tempera- 
ture is lower than usual, this lemon structure may be absent, 
and in that case the interior of the ingot will have a much 
fiiner grain than the ingots cast at the usual higher temperature. 
The subsequent heating and working of the steel entirely 
destroys the crystalline structure of the ingot, and the worked 
steel, on a fresh fracture, shows a most beautiful porcelanic 
structure. 

The ingots run from 3I by inches to 16 by 16 inches, but 
most of them are from 5 by 5 inches to 9 by 9 inches. For hot- 
working they are heated in a furnace chamber having a tem- 
perature of about 1,180'’ C. (2,156° F.). At this high heat 
the steel may be worked satisfactorily under the hammer or 
press and may be quickly worked down to the dimension desired. 

COMPOSITION OF HIGH-SPEED TOOL STEELS 

The tendency of the makers is toward a somewhat uniform 
composition as regards the contents of the alloying elements, 
whose benefits have become fairly well known, and whose use 
as a consequence may be considered as established. Specifically, 
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these alloying elements are tungsten and chromium. The addi- 
tion of vanadium and cobalt in important proportions is con- 
sidered by some makers to give distinct improvement to high- 
speed steel, and some vanadium is almost always present. 

The following analyses are of steels recently made, most of 
which are considered to be good commercial steels: 


RESULTS OF .VN.tLYSES OF HIGH-SPEED STEELS MADE IN 1913 OR 
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* A to I ropn'iiuntwl Amfriam steels, the numerals indicating different samples 

from the tmiw maker; sample J represented an English steel; sample K represented a 

Cn-rmnn steel. 

Samples D— i and E— i gave excellent results in a com- 
petitive test, whereas samples D — 2, D— -3, E — 2, and E — ^3, 
manufactured by the same makers, gave distinctly inferior results 
in the same shop. 

The occurrence of nickel in four of the samples may have 
been accidental, having been due to nickel in some of the scrap 
steel used in the charge. Most makers now put in vanadium. 
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and steel like that represented by sample G. which had the 
highest vanadium content of all the samj)les represented in the 
table, was the winner in a recent competitive test. 

The average specific gravity of the steels repre.sented in the 
table was about 8 . 8 , the increase over the siiecilic gravity of 
iron being due chiefly to the tungsten content. 

There are so many factors lieside the ultimate composition 
that affect the value of ra|)id tool steels that no conclusion 
can be drawn from the analysis alone, 'fhe nu'lting, hot working, 
and heat treatment all must he done correctly or the final result 
will not conform to expectations. 

CARBON IN IIU’.H-SPEKI) TOOL STEEL 

The proportion of carbon aimed at in high-siieed tool steels 
is about 0 . 6 $ per cent, which in a simple steel would not he 
enough to give the maximum hanlness even if the steid were 
heated above the critical point and ((uenched in water, and still 
less so when the steel is cooled as slowly as these' steels are* in 
their treatment. This shows that the carbon acts in a different 
way from what it does in simple steels, as is discu.ssed later. 

TUNGSTEN IN mCH-.SPKEn TOOI. STEEL 

Tungsten is well establi.shed as a most important if not indis- 
pensable ingredient of commercial tool steels, being almost or 
quite universally used in quantity tlierein. 'I’he best proportion 
of tungsten, all things considered, .seems to lie betw.'cn i 6 and 
20 per cent, the tungsten content in <)$ per cent of all the Ameri- 
can steels coming within the.se limits. Some published analy.ses 
of European high-speed tool steels show a higher <-ontent of 
tungsten than this, but American makers generally agree that, 
any tungsten in excess of 20 per c'cnt adds nothing to the usi'- 
fulness of the steel, and they therefore make that proportion 
the upper limit of the amount added. One effect of the tungsten 
is that the best percentage of carbon in rain’d steel is but about 
half that required in simple tool steels intendeil for the same, 
kind of service. 
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CHROMIUM IN HIGH-SPEED TOOL STEEL 

The effect of chromium in high-speed tool steel, as in other 
steels, is undoubtedly as a hardener, entering into the double 
carl)ide of tungsten and chromium which gives or causes the 
proper cutting edge. Although the proportion of this element 
present in these steels varies considerably, it is always large, 
juThaps never less than 2 per cent or more than 6 per cent in 
American steels, and in European steels the upper limits is at 
least 9 per cent. 


MOLYBDENUM IN HIGH-SPEED TOOL STEEL 

d'he use of molybdenum in high-speed tool steels is being 
gencTally discontinued. Some makers for years manufactured 
molybdenum tool steels, but as a rule they have either wholly 
discontinued its use or use a much smaller proportion than 
fornu'rly, employing it as an au-xiliary rather than a major 
constituent., 

elTect of molybdenum is similar to that of tungsten, 
but is more intense in that i per cent molybdenum is cur- 
rently considered to give about the same or greater hardening 
effect than 2 per cent of tungsten. It gives a fine cutting edge. 

Various reasons arc a.ssigned for the discontinuance of the 
use of molylxlenum in these steels. Taylor* found that molyb- 
denum in rapid steels caused irregular perfonnance; that steels 
of nearly the same composition and having had seemingly the 
same treatment gave large variations in the cutting speeds they 
would stand. One user specifies no molybdenum because it 
causes the tools to crack in quenching. A maker objected to 
molylxlenum because molybdenum steel was apt to be seamy 
and to contain physical imperfections. A maker of ferro- 
alloys understands that molybdenum steel deteriorated upon 
reix'ated heating for dresising and treatment, seemingly because 
the molybdenum disappeared from the outer parts of the steel 

* Taylor, F. W., On the art of cutting metals; Trans. Am. Chem. Soc., vol. 28,. 
loot), pi>. 
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where it was exposed to the heat and where any volatile con- 
stituent could escape. This phenomenon recalls a proposal 
of Moissan to use molybdenum as a means of freeing molten 
iron of oxygen, as he found that the oxide of molybdenum was 
much more volatile than the metal itself. It may be, therefore, 
that the molybdenum at the surface is oxidized and volatilized, 
but for this waste to extend to any considerable depth implies 
either that molybdenum moves through the heated steel to 
reach the oxygen of the air, or, as is more likely, that the oxygen 
of the air penetrates the steel, reaching the molybdenum and 
oxidizing it, the volatile oxide escaping from the steel 

The cost of molybdenum when its use was most general 
was much more than that of tungsten. Because of the falling 
ojff of the demand in recent years, however, the price of molyb- 
denum has fallen to about that of tungsten, or to a fraction of 
what it was a few years ago. 

It has been observed that in the Eggertz color determina- 
tion a high molybdenum content (4 to 8 per cent) causes “miss- 
ing” or invisible carbon when the content of latter element is 
high (0.4 to 1.2 per cent). 

VANADIUM IN HIGH-SPEED TOOL STEEL 

Vanadium is used for high-speed tool steel in varying amounts, 
most makers using at least 0.5 per cent, although some run the 
vanadium content up to i| or if per cent, or even more, con- 
sidering that such an addition increases in an important degree 
the value of the steel for tools. 

The effect of vanadium is considered to resemble in some 
ways that of chromium in increasing the hardness or red-hard- 
ness of the cutting edge. One maker makes two kinds of high- 
speed tool steel, the essential difference between the two being 
that one contains about i| per cent of vanadium and thereby 
commands a higher price, whereas the other has little of this 
element, both kinds being intended for substantially the same 
service. 

High-speed steels containing vanadium are generally classed 
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as “superior” steels aud many, though not all, makers and users 
consider them distinetly better than the “standard” steels 
containing no vanadium, both on account of their actual cutting 
(jualities at high speeds and on account of the length of time a 
tool will cut Irefore it needs regrinding. The true value of 
vanadium in rapid steels must probably be held as not yet fully 
det<‘rmined. 'I'he analyses given in the table show that all 
the samples contained \-anadium but in greatlv varying amounts. 

COI!,\I.T I.N’ HU'.n-SPKED TOOL STEEL 

Cobalt now threatens to change tool-steel manufacture 
because of tlu‘ properties it imparts. The recent great decline 
in {irice following the increa.se of the supply from the silver ores 
of the ('ol)alt district in Ontario naturally led to its trial as a 
steel-alloying elenumt, and some most excellent high-speed steels 
containing, in addition to the usual ingredients, about 4 per cent 
of cobalt, have been obtained. I'his result was hardly to have 
been expected in view of the experience with nickel, which 
cobalt much resembles, as nickel has been condemned by nearly 
every' manufacturer as nut being a desirable ingredient of high- 
.speed tool steels, liecau.se of the effect it has of making the 
edge soft or “leady.” 'I'lio cobalt steel, however, has shown, in 
some prciducts at least, increased ability to hold its edge in work. 

One user of cobalt steel found it better suited for turning 
manganese steel than any other steel he tried, his success being 
.so marked as to make it practically a commercial operation. 
Manganese steel, as noted elsewhere, is so hard as to be con- 
sidered practically unmachinable, the usual practice having 
been to linish it by grinding when necessary. Another user 
found that an imported cobalt high-speed steel proved excellent 
for cutting a hard nickel-chromium steel in a lathe, whereas 
the same steel in a c(»ld saw was not satisfactory. The direct 
rea.son seemed to be that this steel to do its best work must be 
run nearly if not quite red hot; at least that was the condition 
in which it w'as used in the lathe, while in the cold saw its tem- 
perature was not raised to an important degree, and when cold 
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its properties were different than when it was hot. This behavior 
is more or less common to high-speed steel, as is mentioned later. 

The valuable effect of cobalt is claimed to be that it increases 
the red-hardness of high-speed tool steel, enabling the steel to 
cut at a higher speed. 

COPPER IN HIGH-SPEED TOOL STEED 

Copper has been considered to be highly injurious in high- 
speed tool steel, even as little as 0.05 per cent being inadmissible; 
and it is thought to be particularly harmful if much sulphur is 
present in the steel; also the higher the carbon content the 
more harmful is the copper. 

SULPHUR AND PHOSPHORUS IN HIGH-SPEED TOOL STEEL 

Sulphur and phosphorus, which are so deleterious in simple 
tool steels, are considered to be somewhat less so in high-speed 
steels, in which the effect is either modified or else masked by 
the large quantities of other ingredients. Some commercial 
brands of high-speed steels have as much as 0-05 per cent of 
each of these impurities, to which no inferior quality is attribut- 
able. 

STELLITE 

S.tellite, though a competitor of high-speed steels, is not within 
the scope of our subject, but a recent analysis is given of a 
sample for such interest as it may have in relation to cutting 
steels. 

ANALYSIS OF STELLITE 
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IIKAT TRKATMKN'T OF HIGH-SPEED TOOLS 

The lu-at trout mciU givm to high-speed steels for the com- 
moner uses as lathe and planer tools has generally been simpli- 
lied to heating to ineii)ient fusion and quenching in oil. Cooling 
by an air blast and double treatment, which were formerly 
recommended, are now not common, except that a second 
(drawing) lu'ating is given to milling cutters and similar tools, 
the temperature imparted to the tool depending on the material 
to be cut. 

The treatment is usually done by the blacksmith who heats 
the tool in his forge fire and then immerses it in a tank con- 
taining enough oil so that its temj)erature does not rise materially. 
'I'en gallons of oil is a common quantity to use when the size 
and number of the tools is moderate, as in most shops. The 
lire is a <Ieep comiiact coal lire, the coal in the center where the 
tool is heated being pretty thoroughly coked, that is, most of 
its volatile matter distilled out. This manner of beating has 
the advantage that fri'e o.xygen docs not get at the tool to oxi- 
<lize it, but its environment is nonoxidizing or even reducing, 
<iwing to tlu‘ pri'sence of an c'xcess of burning carbon surround- 
ing the tool. Any llamc is more or less oxidizing, at least unless 
heavily charged with smoke or free carbon, and a piece of steel 
heated directly by a flame as in the ordinary heating chamber 
of a furnace is likely to be somewhat oxidized on its surface, the 
<lepth to which the oxygen penetrates varying according to the 
<-onditions, particularly the temperature, the access of air, and 
the length of time. Heating in a muffle will also result in oxi- 
izing tlte steel unles.H extraordinary precautions are taken to 
k(‘ep out oxygen or to consume all that enters. The temperature 
of quenching, usually about 1,260° C. (2,300° F.), is determined 
l)y the fusion of the scale and its visible collection into drops or 
beads on the surface of the tool. 

Quenching is done by quickly plunging the heated tool into 
the oil as soon as it has reached the desired temperature and 
moving it aliout in the oil until cold. Cooling in oil is thought 
by some to give a better tool than cooling in the air blast, one 
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reason seemingly l)eing the protection ol the stec-l from ; 
oxygen while it is hot enough to he oxi(ii/.eii thereby. 'I'he o 
gen of the air Ihast forms a .scale of u.xide on the hot steel ; 
the oxygen probably penetratc's the metal below the' scale 
some extent, injuring the ciuality as deep as it goes. A tool 
its second grinding when the oxidiwd metal is removed n 
then give better service than on the first , unlc'ss the first grii 
ing has for that reason been heavy enough to remove' the* e 
dized metal. 

In some shops, however, the original trc'atnu'nt recoininenc; 
by Taylor and While* is given, the cutting edge' of the tc 
being heated to incipiemt fusion and then imnu'r.sc'd in a b:i 
of melted lead at about C. (1.050 ' h'.). 'riie heating 
done in a small furnace over a deep coke fire, blown by an i 
blast, so that the environnu'iit of tlu' tool while' bc'ing lu'at 
is substantially nonoxidi/.ing. Flames of e'arbonie' oxide pi; 
out of the openings through which tlie tools are inserti'd, inc 
eating little if any free oxyge'ii within. In the.sc' .shops, howeve 
milling cutters and other tentls that are machine'll to a [Kirticul 
form are treated by lu'ating thi'in to a slightly lowe'r ti'inperatur 
in order not to damage the cutting e'dge's, and then plungii 
them into cold oil. 

When cooled to the lemjH'rature of the' le-ad it is taken oi 
and placed in an air blast to e-omple'te the cooling. .Some too 
desired to be c'S[)ecialIy tough .so as not to break in service' ai 
given a second heating to 5(15'’ t’. and tlu'n c<M»!ed in the' ope 
air or air blast if saving time is important. 

Rapid steel when well annealed will bend considerabi 
without breaking, even in as large a section as by inchei 
the bending being edgewi.se', as in a toeil at work. 

Gledhillf found that one of these stc'cls after having bc'c, 
annealed 12 to i8 hours at 760" (\ (1,400'' F.) had a tensilit; 
of 129,200 pounds per sejuarc inch, an elastic limit of Ht), 60 

* Taylor, F. W., On ihc' art of cutting me'tiits: Trans. Am. .Hiu . Mn h. Fng 

vol. 38, IQ06, p. 328 . 

tGlcclhill, J. M., 1lie (levGopmt^nt and \m* td high-spm] twi! J«ui 

Iron and Steel Inst., pt. 2, 1904, pp. 127 iKi. 
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pounds per square inch, an elongation of i8 per cent in 2 inches, 
and a contraction of area of 35 per cent. The ductility is rather 
high and would enable a tool to be bent considerably without 
breaking. Such annealed steel may be rather easily machined 
for making milling cutters and other shapes that require ma- 
chining. 

Carpenter* * * § found that the higher the temperature from which 
rapid steel is cooled the more it resisted etching for metallographic 
work. He also found that no tempering change occurred when 
it was reheated at a temperature of less than 550° C. (1,022° F). 
to a visible red in the dark, indicating a stability that is doubt- 
less the cause of its property of red-hardness. 

Whether a rapid steel is made harder by the heat treatment 
given it depends somewhat on the condition of the bar before 
treatment. If it has previously been annealed, the treatment 
hardens it, whereas heat treatment may not harden a piece 
in the natural state. Taylorf found that some tools having 
useful red-hardness could be filed rather readily. Edwards J 
on the other hand found treated high-speed steels to be exceed- 
ingly hard — as hard as any steel could be made by quenching. 
Gledhill§ found that high-speed steel was good for turning 
chilled rolls which are extremely hard and require the hardest 
kind of tool tc cut them. • 

Trials on window glass of a number of different rapid steels 
showed that the cutting edge of some but not of all would scratch 
it. The same was true of the untreated ends of the same tools, 
as some would and some would not scratch the window pane. 

The hardness of the steel when cold is not the determining 
factor of usefulness in any case. It is the hardness when heated 
under conditions of work. 

* Carpenter, H. C. H., The types of structure and the critical ranges on heating 
and cooling of high-speed tool steels under varying thermal treatment: Jour. 
Iron and Steel Inst., pt. i, 1905, pp. 433~473- 

t Taylor, F. W., On the art of cutting metals: Trans. Am. Soc. Mech. Eng., 

vol. 28, 1906, pp. 31-350* . , . ^ j 

t Edwards, C. A., Function of chromium and tungsten in high-speed tool steel: 

Jour. Iron and Steel Inst., pt. 2, 1908, pp. I04”i32. 

§ Gledhill, J. M., loc. cit. 
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The cutting edge of a rapid-steel tool at work is probably 
never as hot as the metal just back of it, where the heating 
caused by the friction of the chip, as it is deflected and rubs 
hard on the tool, is most intense. The edge itself is kept rela- 
tively cool by the cold metal flowing upon it. 

THEORY OF HIGH-SPEED STEELS 

Carpenter* found the heating and cooling curves of a rapid 
steel to be radically different from each other, and also that the 
cooling curve when the steel was cooled from 930° C. (1,706° F.) 
was greatly different from that when the steel was cooled from 
1,250° C. (2,282° F.). When the steel was cooled from 930° C. 
the curve had an abrupt jog, which showed a great retardation in 
rate of cooling occurring between 700° C. and 750° C. (1,292° F. 
to 1,382° F.). The jog did not occur when the steel was 
cooled from 1,250° C., 320° higher, the line representing varia- 
tions in rate of cooling being nearly straight. The rate of cool- 
ing to get these curves was slow or at least not accelerated, 
and one can not say what the curves would be like if the rate 
of cooling were hastened, as in quenching, but the curves 
obtained seem to throw much light on the question. The prop- 
erty of red-hardness seems to be connected with the elimination 
of the great retardation mentioned. 

The following explanation, based on the work of Carpenter* 
and Edwardsf, of the properties of high-speed steels, seems to 
be helpful or even satisfactory: 

Their researches on the heating and cooling of these steels 
have shown that such steels have an extraordinary stability of 
composition after they have been heated to 1,200° C. (2,192° F.) 
or more, and that a second heating of 550° C. (1,022° F.) has 
no softening or drawing effect. It seems fairly evident that red- 
hardness depends on or is the natural result of these facts. 

At a temperature higher than 1,200° C. (2,192° F.) a double 
carbide of chromium and tungsten is formed, which persists 
largely even when the steel is cooled slowly as in the open air, 

* Carpenter, H. C. H., loc. cit. f Edwards, C. A., loc, dt. 
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and more so when cooling is accelerated. This double carbide 
imparts to the steel a high degree of hardness and is stable at 
all temperatures up to 550° C. (1,022° F.) or somewhat higher. 
At 550° C. the steel has a low red color visible in the dark. 

If the above theory be true then at a temperature of 1,200° C. 
(2,192° F.) the chromium and tungtsen must have a stronger 
affinity for carbon than iron has, whereas at lower temperatures, 
say from around 030° C. down to the critical point, the affinity 
of carbon for iron is slightly stronger than that of either chromium 
or tungsten or both, and the carbon then exists wholly or in 
part as carbide of iron, or a complex carbide of iron with one 
or both of the other elements. 

(kirl)ide of iron, or hardening carbon which causes the hard 
condition of iron in simple steel that has been quenched from 
a temperature higher than the critical point, is unstable at even 
slight elevations of temperature above atmospheric tempera- 
ture, its unstableness increasing with the degree of heat, though 
not being proportional thereto. Boynton* has shown that 
between 400° C. (752° F.) and 500° C. (952° F.) the amount 
of change and consequent softening is much greater than at 
other temperatures, either lower or higher. 

The proportion of carbon in rapid steel should perhaps be 
only as much as will combine with the chromium and tungsten 
at 1,200° C. (2,192° F.) and leave none to exist as unstable 
hardening carbon of hardened simple steel 

TESTING AND USING HIGH-SPEED STEEL 

A reliable and inexpensive method of quickly testing high- 
speed steels to show their value is much needed, as Taylorf 
has explained. FlerbertJ and Edwards§ have used and recom- 

Boynton, 11 . C., Hardness of the constituents of iron and steel: Jour. Iron 
and Steel Inst., i()o6, p. 287. 

t Taylor, F. W., On the art of cutting metals: Trans. Am. Mech. Eng., vol, 28, 
1906, pp, 3 I“' 35 o* 

t Herbert, K. G., The testing of files and tool steels: Trans. Manchester Assn. 
Eng., iqoB-iqoo, pp. 302-317. 

§ Edwards, E. T., Composition of high-speed tool steel: Iron Age, vol. 89, 
April, 1912, pp. 9S7““96 o. 
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mended machines and methods that lessen the time and trouble 
of testing, but no test seems to take the place of a trial at actual 
work, because the performance of a tool in one line of work with 
certain conditions may not be foretold positively by its per- 
formance in another with different conditions. Among the 
reasons are that (i) sometimes greater durability is obtained 
by changing, that is, increasing or lessening, the speed of the cut, 
thus changing also the temperature of the tool, or (2) a given 
tool when used at its best speed may be excellent for cutting 
a certain material, yet prove inferior to another tool for cut- 
ting a different material. Thus if selected as the best by trial 
for cutting a 0.20 per cent carbon steel, it may be surpassed by 
others in cutting a 0.70 per cent carbon steel. 

Physical tests of rapid steels at different temperatures up to . 
800° C. (1,472° F.)'are needed to show the effect of heat on the 
physical properties of those steels. New uses would probably 
be suggested by the results of such a series of tests. 

A rapid-steel tool does not finish the piece being cut as nicely 
as does a simple steel tool, as the rapid steel does not keep a 
fine edge with a light cut and slow speed of, say, 20 feet per 
minute. The durability of such a tool taking a light cut is 
much greater at a higher cutting speed, at which the tool is 
hotter, showing that the strength or the toughness of the steel 
or both are augmented by the higher temperature. Unhardened 
simple steels with c.6 to 0.7 per cent carbon get stronger but 
less ductile with a rise of temperature up to about 300° C. 
(572° F.). If, as the temperature rises, high-speed steels get 
stronger without loss of ductility but perhaps with an increase, 
within limits of course, a physical reason for their great dura- 
bility is provided. 

In 1910 Herbert* announced the discovery that any rapid- 
steel tool and some simple steel tools may have two rather 
widely separated cutting speeds at which the tool is more dur- 
able than at speeds above, below, or between. Thus out of many 
cases described, one tool cooled in an air jet had nearly equal 

♦Herbert, E. G., The. cutting properties' of tool steel: Jour. Iron and Steel 
Inst., 1910, pt. I, p. 216. 
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maximum durability at two speeds — 50 and 90 feet per minute, 
whereas at 65 feet the durability was less than one-half of that 
at either of the other speeds. This discovery no doubt accounts 
for some of the anomalies encountered in tool steels as well as 
other steels the properties or performances of which are not 
what would be expected from their composition and other 
attributes. Thus a tool may be condemned when an increase 
of its cutting speed would cause it to give satisfactory service 
and durability. 

Rapid steel will do its best cutting when hot. A desirable 
practice, followed in some shops, is to heat a tool to near redness 
before putting it to work. 

MACHINE-TOOL DESIGN 

When Taylor and White first introduced rapid steels it was 
thought that the higher cutting speeds afforded constituted 
the sole benefit to be derived from them, and as the higher 
speeds, although consuming more power about in proportion 
to the increase in speed, did not increase materially the stresses 
on the machine tools, it was thought that the latter merely 
needed to be speeded up in order to get the full benefit from 
the new steels. But it was soon found that the rapid steels in 
addition to cutting at higher speeds were capable of taking 
mudhi heavier cuts, which proportionately increased the stresses 
on the tools. To take full advantage of the heavier as well as 
the more rapid cuts, machine tools were generally redesigned to 
provide the greater strength required, and were supplied with 
proportionately more power. The resulting economies all over 
the world have been enormous. 

The advantages from the use of rapid steels as compared 
with the use of simple tool steels are in the lessened costs of the 
ordinary operations of finishing iron and steel because of: 

1. More rapid cutting speed. 

2. Heavier chips cut, hence larger cuts and feeds. 

3. Saving of power per unit of metal cut off. 

4. Lower cost of plant for a given output. 
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5. Lower general and overhead charges connected with 
manufacturing iron and steel products. 

PATENTS ON HIGH-SPEED STEELS 

Since the original Taylor and White patents for treatment of 
high-speed steels were issued in 1901, others have been granted 
for almost every possible combination of elements which were 
in any way thought to be useful or valuable constituents of tool 
steel. Chromium and tungsten were generally included, though 
not always. Nevertheless most makers now aim at substan- 
tially the same foundation composition, with varying amounts 
of vanadium and sometimes with cobalt. 

MISCELLANEOUS USES OF HIGH-SPEED STEELS 

An important use for high-speed steel is in the exhaust 
valves for automobile engines, where it has given excellent 
results. These valves operate sometimes at a red heat and 
seemingly the property of red-hardness that the steel possesses 
enables it to give good service in these valves. 

High-speed steel is being used also in the manufacture of 
extruded brass to form the die through which the extruded 
metal is forced. The temperature of the brass is high, near 
its fusion point, and seemingly the red-hardness of the steel 
enables the steel to perform this service satisfactorily. 

' A good file or a good cold chisel may be made of rapid steel, 
but they are not good enough to justify their cost as compared 
with those made of simole steels. 
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CHROMIUM-VANADIUM STEELS 

Chromium- VANADIUM steels, usually called in the trade 
chrome-vanadium steels, are the latest development in structural 
alloy steels that have gained an extensive market. In 1913 
about 90,000 tons of ingots is thought to have been made, of 
which about 75,000 tons was sold in rolled and forged products. 
These steels arc almost all made in the open-hearth furnace, 
the chromium and vanadium alloys being added shortly before 
casting. 

The hot working of chrome-vanadium steels presents no 
especial difficulties. The total amount of alloying elements 
is not large in the commercial grades, and the steel acts in the 
press and rolls much like simple steels with somewhat higher 
carbon contents. 

Chrome-vanadium steels are in their physical properties 
much like chrome-nickel steels, but they have a greater con- 
traction of area for a given elastic limit than the latter. 

This higher contraction of area in the pulling test seems in 
some way to be associated with machinability, as chrome- 
vanadium steel witli an clastic limit of 150,000 pounds per 
sc|uare inch may be machined rapidly, whereas a chrome-nickel 
steel having such an clastic limit would quickly dull the cut- 
ting tool if cut at the same speed. 

The greater part of the chrome-vanadium steels made goes 
into automobiles. They . are preferred by some because of 
their greater freedom from surface imperfections, notably seams, 
which steels, containing nickel are prone to have if the ingots 
arc at all unsound. Vanadium is a deoxidizer, whereas nickel 
is not, so that vanadium, when present, favors quality, and the 
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smaller proportion required enables it to eompi-te with niekel 
even though its cost is li\-e or six limes as great. 

Chrome-vanadium steels are neari\- alwavs used in the heat- 
treated condition, but there are exce|)tions even in automobili-s, 
as some frames, forgings, and shafts are nnule of the sleid in its 
natural state. When heat-treated these sti'els art' both hard- 
ened and drawn at slightly higher tenqH'ratures than art' ust'd 
with nickel-chromium steels to gt't similar properties. 'I'hest; 
temperatures are given in the tabk' of heat tn'a It'd chrome- 
vanadium steels. 

Some chrome-vanadium sti'cl is .said to be ust'd in armor 
plate of medium thickne.ss (.^ inches), which is not fact' hard- 
ened but has high pro[K'rtii'S imparted liy heat treatment. 
Some such steel is used in highaluty forgings and structural 
parts of machines. 
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EXAMPLE OF ^^ATISFACTOHY USE OF vnmmKA\\SMm:M STEEL 

A hydroelectric plant had shafts (d imhes in tliameter, 
which transmitted .{,cx>o kw. each at 480 revolutions jut minute, 
and all broke in .service. 'I'he shafts were maile of untreatetl 
nickel steel having an elastic limit of about -to.ooo junmds jut 
.square inch, 'fo make stnmger shafts by increasing their size 
not being practicable, other shafts were made under the sju'eitica- 
tion that the elastic limit of the steel .should be at least 105,000 
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1 The first temperature given for each sample is that at which the steel was quenched, and the second the drawing temperature; W, O, and A 
represent water, oil, and air, the three cooling media used. Samples 8 . 9. and 10 were hardened before being drawn at the temperatures given. 
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pounds per square inclu its contraction of area 40 per cent, and 
its ball hardness unifonn within 5 per cent. Shafts to meet 
such (jualilications were made of chromium-vanadium steel 
containing 0.33 per cent C, 0.54 per cent Mn, 0.022 pm* cent 
P, 0.030 per cent S, o.S() per cent Cr, and 0.24 pm* cent V. 'Tlie 
ingot, which was 30 by 25 inches in section, was rolled to an 
18 by 18 inch l)loom or l)illet, and the shafts were forginl there- 
from. Hie shafts wer<‘ heat-treated, and a test from one of them, 
about the average of all those mad(‘, pulled at Watertown 
Arsenal on a 2dnch by 0.505 diameter .section, gave results as 
follows: 

KEsui;rs OF 'ncs'rs of iiea'c tke.vi'kd chrome vanadium 
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1 'hesi‘ shafts met tlu‘ .specilicatitms and provaul .satisfactory 

in .services 
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RECOVERING ALLOYED ELEMENTS 

As the alloying elements of alloy steels are all more valuable 
than iron, some of them very much so, makers of alloy steels 
wish, of course, to save such elements in their alloy-steel scrap, 
if practicable without too great cost. The makers, can save 
tungsten, cooper, nickel, and cobalt, each of which has an 
affinity for oxygen and a heat of combustion with oxygen less 
than the similar properties of iron; however, the makers can 
not at present save the manganese, silicon, vanadium, titanium, 
calcium, magnesium, and chromium, each of which has an 
affinity for oxygen and a heat of combustion greater than the 
similar proj)erties of iron. Plans have been proposed for saving 
some of them. Saving a jiart of these oxidizable elements in 
reworking the scrap is in some instances of no benefit, because 
in rc'placing the wasted jiart by the addition of a fresh quan- 
tity of the ferro-alloy saturated with carbon therf will be too 
much carbon in the finished steel. This is particularly true of 
manganese in manganese-steel scraj). The carbon in the alloy- 
steel scraji is protected from oxidation by the alloying element 
wiiile th(' latter is being oxidized. With low-carbon alloy avail- 
able the case is dilTerenl, as the content of carbon in the steel 
may then be controlled. 

CERIUM PYROPHORIC ALLOY 

'I'he pyroiihoric metal used on cigar lighters and for igniters 
in miner’s lamps might be considered as an alloy steel, as it 
consists substantially of 30 i)er cent of iron with 70 per cent of 
cerium. It was iiatented by Welsbach, whose name is identified 
with the Welsbach light. 'I'he striker is of the grade of hard- 
tmed file steel with about 1.50 per cent carbon. The detached 
Iiartick's of the c-erium-iron alloy take fire in the air, ignition 
being (juickened no doubt by the heat generated in the impact 
of the striker. 

CONCLUSION 

Further advance in the development of new alloy steels 
as well as many new airplications of those alloy steels already 
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established, are to he exported. 'IVials ar<‘ eoiit inually I)t‘in 
made of new alloys of |)roinise, sonu‘ of wliieh will douhtk'." 
win place in the list of useful alloy sU‘t‘ls, Hadlic^ki’s iron alio 
containing 5 per cent niangant\st‘ and 15 per ctait ni('k(‘l, althoug’ 
not at present of ust‘, may l>econu‘ so in tlu‘ fulmw as its prop 
erties arc rather reniarkabU'. 

As some of tlu^ alloys in steel, as W(‘ll as any In at treat nuai 
it may h.av(‘ receiv(‘d, aOVet tin* carbon containt‘d so that it 
effect in the color detia-mination is changtul, the rtapilar pratlic^ 
in some steel-works laboratories is to mala' all carbon dt'termina 
tions by direct combustion of tlu' wlioh' sample with oxygtai 
This procedure avoids the unct'rtaint iia and terrors of tiu' colo; 
determination in analyzing lieat tri'atod alloy sli'tds. 
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